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SUMMARY 
An examination has been undertaken of kinetic processes 
involving ground and electronically excited states of the group VI 
atoms sulphur, selenium and tellurium. The diatomics S 2 and HTe were 
also examined in some detail. 
These species were produced by the technique of flash photolysis 
and their kinetics were monitored using time-resolved spectroscopic 
methods. Atomic emission lamps for S,Se and Te were prepared in the 
laboratory and the optimum conditions for their operation determined. 
The reaction of ground state atomic sulphur, s(33P2),, with 
oxygen was studied by atomic absorption spectroscopy. The result of 
this work resolved a previous conflict in the literature. The 
reaction of both ground state (33p2) and first singlet state (3 1 D2 ) 
of sulphur were investigated to compare the• reactivities of these 
two states. The reaction of s(31 D2) with acetylene was studied by, 
an indirect method, using a spectroscopic marker, which was also 
used to obtain data for collisional decay of S(3 1 D2) by various 
species. During the work a brief study was made of the kinetics 
of S 2 (a1 i g). 
The kinetics of Se(4.1 D2) atoms were studied following the' 
flash photolysis of OOSe ( X>l9Onm) and the decay of this excited 
state was studied in the presence of several species. Quenching by 
the noble gases is discussed in terms of spin-orbit interaction 
influencing the probability of a non-adiabatic crossing taking place. 
The kinetics of Te(53P1 
P 
0) atoms were studied following the 
photolysis of H2Te and data on the spin-orbit relaxation of Te(51 ) 
to the ground state 	were obtained. The largest isotope effect 
observed to date was produced by the quenching of Te(53P1 
it 
0).by H2 
and D2 . This is discussed in terms of resonance effects. The 
kinetics of Te(51 D2) were briefly studied. 
The spectra of the radicals HSe and HTe were examined and 
kinetic studies made on the spin-orbit relaxation of hTe(X 211 1 ) 
to the ground state, 1-iTe(X2Tfy), The cross-section for relaxation 
by various species have been determined. These are discussed in 
terms of resonance effects. 
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1.1 The work described in this thesis was principally concerned with 
an ecamination of kinetic processes involving ground and electronically 
excited states of the Group VI atoms, sulphur, selenium and tellurium. 
The diatomics S2 and HTe were similarly examined in some detail. The 
technique used to produce these species was flash photolysis and their 
kinetics were monitored using time-resolved spectroscopic methods. 
This introductory chapter serves to give a broad historical background 
to studies of short-lived species and to describe in general terms some 
of the techniques commonly employed. In subsequent chapters a more 
detailed presentation of the techniques employed for this work and the 
kinetics of the species studied will be presented. 
1.2  STUDIES OF ELEMENTARY REACTIONS 
The marked difference in behaviour exhibited by the different 
electronic states of atoms and molecules has been the subject of many 
investigations over the last two or three decades. Such studies offer 
favourable conditions for quantitative theoreal treatment and 
demonstrate many properties typical of neutral particle reactions. 
These properties include not only the rate constants and apparent 
(Arrhenius) activation energies but also yield information about the 
activated complex, the "rearrangement" of the reactants during the 
reaction process and the probabilities of various reaction pathways 
i.e. the formation of various reaction products, the distribution of the 
reaction energy over the products, etc. In addition, the influence 
of electronic excitation and high kinetic energy of the reactants can 
also be readily investigated for atoms. 	 - 
From a practical point of view, the importance of fast reactions 
involving free radicals and atoms, in the efficient and clean production 
of energy from combination processes, is of undisputed and historic 
importance. The reactions of free radicals and atoms also play an 
important part in many photochemically or radiation-initiated processes 
such as occur in the atmosphere or in industrial applications, (e.g. 
reactions of hydrogen atoms with hydrocarbons are important in the 
oxidation, pyrolysis, radiolysis and photolysis of the latter). The 
intensive study of atomic reactions led to the discovery of the chemical 
laser and this shows some promise of interesting application. 192 
It has been known for a long time that even careful ana],rsis of the 
end-products of a chemical reaction usually gives only limited informa-
tion concerning the individual reaction steps from the overall reaction. 
Thus many attempts ha been made to isolate individual elementary steps 
from the overall reaction 	At temperatures between 200K and 1000K and 
reduced pressure (a few ton) the time scale in which reactions occur 
becomes long enough 	- 10r18) such that the kinecs are easily 
measurable. Methods for producing atoms under such conditions have 
been known for a long time (e.g. in the form of the electric discharge 
or photcysià) and during the last few years reliable quantitative 
results have tne available as analytical techniques for accurate 
determination of atoms and radicals have been improved. These include 
various spectroscopic methods, such as electron spin resonance and mass 
spectroscopy as well as the sensitive detection of chemiluminescence and 
resonance fluorescence in the presence of atoms. Molecular beam 
techniques in principle provide the most detailed information on the 
microscopic course of a chemical reaction of neutral particles, but their 
application to problems of relevance to this work has been limited and 
will not be discussed further. 
1.3 FLASH PHOTOLYSIS TECHNIQUES 
Numerous techniques exist for observing the spectra of short-lived 
atoms, molecules and free .radicals, and several of these techniques have 
been employed to monitor the kinetic behaviour of such short-lived species. 
Time resolution is generally achieved either by subjecting the system to a 
pulse of energy which produces the transient intermediates and defines an 
arbitrary zero in time, or by flowing a system, in a steady state, through 
a tube at a known rate so that time is transferred into a distance 
co-ordinate. Studies of atom reactions in flow tubes and recent 
techniques for monitoring reactions of atoms are described in ref's. 3 
and 1 respectively. 
The technique of flash photolysis 4  is the most firmly established, 
and widely used of the arrangements for subjecting a system to a pulse 
of energy. Using flash photolysis a non-equilibrium situation can be 
created in a reaction system in a short interval of time. Concentrations 
of unstable intermediates are produced which are sufficiently high for 
direct observations to be made. Flash photolysis is applicable to gases, 
liquids and solids and may be used over a wide temperature range. The 
non-equilibrium sittion created by the flash can be made homogeneous 
throughout a reaction vessel of any required shape and dimensions. In 
conjunction with spectroscopic methods of observation, the concentration 
of intermediates can be directly measured as a function of time, and their 
physical and chemical properties determined* 
In the flash photolysis technique a reactant is irradiated with an 
intense flash of visible or ultra-violet light. The intensity must be 
sufficient to produce a measurable change in chemical composition, but of 
short duration compared to that of the ensuing reactions which are to be 
studied. Since the introduction of the technique in 1949, the time 
resolution, determined by the duration of the electric discharge flash 
I 
lamp, has been improved to a few microseconds. Refinements to the 
original technique, involving the use of mode-locked lasers, has reduced 
the time resolution to the extent that events occurring in 1012 seconds 
can be studied. The time resolution has reached a point where the small 
time scale involved has, through the Heisenberg uncertainty principle, 
made the uncertainty in the energy levels so large that spectroscopic 
observationecomes meaningless. Other new techniques such as "molecular 
modulation"5 have led to the observation of previously undetected 
intermediates at very low concentrations, and the technique of "flash 
fluorescence" 6 has brought a high degree of precision in the measurement 
of rate data. A general review of flash photolysis and kinetic 
spectroscopy techniques has recently been published 7 and new 
refinements are continually being published in the literature. 
The apparatus, built during the course of this work and described 
fully in Chapter 2 1 had, at best, a resolution of lOps when using the 
technique of kinetic spectroscopy. The resolution decreased to 100is 
when using the technique of kinetic spectrophotometry (i.e. photoelectric 
detection). In general this resolution was acceptable, although in one 
or two cases better resolution would have given more accurate results. 
1.4 REMOVAL PROCESSES FOR TRANSIENT SPECIES 
In general, when some excited species, A, is produced there are 
many paths by which it may be removed and Fig.1 shows in diagramatic form 
the principal removal pathways divided into four main groups. It is beyond 
the scope of this report to go into great detail about these various paths 
but this figure is included as an aid to understanding the various 
mechanisms by which A* can be removed. What is sought in a study-of any 
one species is the probab 1ility of that species being removed by any one 




Resonant transfer A' *+A 	 ENERGY TRANSFER 
Electronic excitation A+B* 
Energy pooling A**+A 
Vibration, rotation or translation A+B 
-'-... 	 REACTION 
Dissociative excitation C+D*+A 
Abstraction or fragmentation .E+F 
Addition or insertion AB 
Figure 1, Removal processes for transient species. 
IN 
Radiation processes always occur to some extent with electronically 
excited species. If the probability of spontaneous emission is large 
then the species A* is very short-lived. On the time scale used in this 
work (.>1O)1s) the radiative lifetime of the species A must be fairly 
long, in order that the species may be detected. Thus in general, to 
have a metastable species, spontaneous emission must have a low probability 
i.e. the transition from the excited species A* to a lower state must be 
electric dipole forbidden. Stimulated emission is important in chemical 
lasers, but will be an important process only when a population inversion 
occurs. Radiative processes were a negligible factor in the removal of 
species studied in this work. 
Similarly, ionisation was negligible as a removal channel for excited 
species studied in this work. The available energies were not large 
enough to cause any significant ionisation under the conditions used. 
Both reaction and energy transfer are important pathways for removal 
of an excited metastable species and the work described here is discussed 
principally within these contexts. Further discussion of any of these 
processes will be limited to individual cases concerning the atoms and 
radicals covered in this work. 
To describe the reactions which the atoms and simple diato mic mole-
cules studied in this work undergo, it is helpful if simple correlation 
diagrams can'be set up. 	 'I 
1.5 ADIABATIC CORRELATIONS AND NON-ADIABATIC PROCESSES 
When describing the kinetic processes that atoms undergo, the main 
considerations that have been applied are the conservation of spin and 
the energetic requirements of the reaction. A more detailed consideration 
of symmetry is now generally used. 	This involves examination of 
aiabaiic correlations of both reactants and products in terms of their 
( 
symmetry. Detailed treatment within this framework is limited to cases 
where the transition state or collision complex will have the symmetry 
species appropriate to the point group C5 or a group of higher symmetry. 
This covers reactions between atoms and diatomic molecules and some small 
polyatomic molecules (i.e. most of the work described in this report). 
The method requires a full knowledge of the term manifolds of both 
reactants and products, and is aided further by a knowledge of the 
electronic states of the collision complex. Without detailed calcula-
tions to construct complete potential energy surfaces for each individual 
reaction, activation energies and hence absolute rates cannot be predicted 
"ab, initio". However, where a surface leads directly and exothermically 
to products, very low or negligible activation energies are generally 
observed for the reactions of electronically excited atoms. Thus the 
adiabatic correlations allow one to predict which reactions are.likely to 
be rapid and also the electronic states of the product molecules. 
For collisions involving two atoms, the adiabatic correlations are 
straightforward as curves of the same species will strongly repel (i.e. 
avoid crossing) even in low-order approximation. This is not necessarily 
the case with triatomic molecules since the greater number of degrees of 
freedom alloys simultaneous occurrence of the conditions for crossing. 
However, when constructing correlation diagrams the Unoncrossing rule" is 
generally used and the diagrams correlate a given electronic configuration 
of the reactants with the lowest product configuration of the same 
symmetry. The possible involvement of "intersections" has been discussed, 
but their importance bas not been clearly demonstrated. 
The possibility of non-adiabatic transitions (i.eo a transition from 
surface 
one potentia]/to another following perturbations which. may be neglected in 
low-order approximation) at the point of crossing between two surfaces 
having different electronic species must also be considered. Such 
non-adiabatic transitions between states of the same multiplicity may be 
brought about by vibration or rotation of the collision complex in an 
n1agous fashion to 	pre-dissocation in polyatomic molecules. 
In cases where reaction is highly exothermic the collision complex 
may be expected to dissociate, yielding the products, within the period of 
relatively few vibrations and therefore non-adiabatic transitions will have 
extremely low probability. If reaction is not thermodynamically favourable 
and the collision complex persists for 10-12 - 10 seconds, the Lissajous 
motions of the complex which occur during this period will increase the 
probability of a non-adiabatic transition, as there is a greater chance 
that the collision complex will have the required "vibronic" species. 
Similarly, rotation of the complex may allow non-adiabatic transitions 
between certain states of the same multiplicity 	The selection rules 
for both processes are given in ref. 	For triatornic molecules, mixing 
of A' and Art: states may only occur by coupling with rotation for singlet 
states and is expected to be relatively weak. For states of higher 
multiplicity mixing will occur by the agency of spin-orbit coupling which 
will increase in mag.itude with increasing atomic number and should be 
stronger than - mixing, -- induced by rotation. Thus when direct reaction is 
not possible and for favourable crossing of potential surfaces, non-
adiabatic transitions of the type A'—A" may occur relatively frequently. 
Mixing between states of different multiplicity may only take place if spin-
orbit interaction occurs. In general this will only be important when 
heavy atoms are involved. Detailed examples are set out in ref.8 and 
specific examples will be discussed later in this report. 
1.6 GROUP VI ELNTS 
This report is concerned mainly with a study of Group VI atoms other 
than oxygen, in an attempt. to come to a fuller understanding of the difference 
in the properties of the various electronic states. Oxygen atom chemistry 
is continually under review particularly by workers interested in the 
chemistry of the upper atmosphere. Recent reviews have covered the 
literature up until 1972 8,9,10, A large number of investigations have 
been made on the reactions of the various states of atomic oxygen and 
sulphur. Data on the reactivities of the other Group VI atoms are sparse, 
and in fact even with sulphur only a small amount of work has been done 
compared to oxygen. In this work, no direct studies were made on oxygen 
atoms or oxygen-containing molecules although the properties of this 
Group VI member will be referred to in comparison with S, Se and Te and in 
general discussions of Group VI properties as a whole. 
In the common ground state configuration of these elements four 
electrons are distributed over three p-orbitals. This gives rise to three 
spectroscopic states designated as ( 3P2,1 1 0), ( 1 1)2) and ( 1S0). The lowest 
lying state is the (3P2) state, though the spin-orbit splitting is snail 
in the case of oxygen (226 cm) and sulphur (574 cm). Radiative 
transitions among these states are forbidden by 	selection rules, 
consequently the excited atoms have relatively long lifetimes and are 
capable of undergoing bimolecular reactions. The state energy levels are 
tabulated in table 1. The transition probabilities clearly indicate that 
radiative processes will generally be of little significance under 
laboratory conditions compared with collisional removal. The basic 
pattern of reactivity is determined by the common electron configuration 
and exhibits a marked dependence on the spectroscopic state. Recent 
comparative studies 899,13 have indicated close similarities in the 
atomic reactions of Qroup VI elements. 
In this work the marked difference in chemical behaviour exhibited 
by the first singlet state ( 1D2) of Group VI atoms relative to both the 
10 
TABLE 1. Energies and Transition Probabilities for the Strongest 








0(2'S 33 792 21  So-, 2'D2 I . 28( Aq) 
0(21 D2) 15 868 21 D2— 	2 I'2 6.9 x 10-3(P) 
o(2I') 226 23P0 1.7 X I 0'5 (Am) 
0( 23p1 > 158 23P1 - 	23P2 8.9 x 10 5(A.) 
9(23 P2) 0 
Sulphur 
s(31 s0) 	22 181 	31 S0-.31 D2 	1 • 78(Aq•) 
s(31 D2) 	9 239 	31 D2 9 33p2 	2.73 x 10_2(&) 
	
574. 	33P.4 33P 	2.95 x 10-" (AM) 




Se( 41 S0) 22 44.6 4.3P1  7.7(A.) 
Se(41 D2 ) 9 576 4.1 D2-+ 43P2 O• 62(Am) 
Se(43P0) 2 5314. 43P0_. 	4.3p1 8.5 x I 0 3(A) 
Se(43P1 ) 1 	989. 43p,-4 43P2  0s17(Am) 
Se(43P2 ) o 
Tellurium 
Te(51  s0) 23 199 51 S0 	53P1 37(Am) 
Te(51 D2) 10559 5D2.4 53P2 
Te(53P1) 4 751 	- 53P1 .4 53P2 
Te(53P0) 4 707 53P0 - 	5 3P2 7,3 x Io 3(A) 
Te(53P2 ) 	0 
8 a. After Donovan and Husain. 
11 
ground state (3Pj) and the second singlet state ('So) has been further 
investigated. Possible differences inreativities among the ground 
state triplet components of the Group VI atoms were also investigated 
and shown to be large in the case of tellurium. 
Several recent reviews have covered the Group VI atoms 13 and the 
most recent 899,10,13 are summarised as follows. It is found that the 
(1o) state, despite having more energy being the more highly excited 
state, is less reactive and less easily quenched than the ( 1 D2) state. 
This has been accounted for, using correlation rules 8 • In the triplet 
ground state or excited singlet states, Group VI atoms readily react 
with olofinic and acetylenic bonds to form cyclic adducts. These 
initially "hot" adducts can be collisionally stabilised in some cases; 
in other cases they undergo pressure-independent isomerisation or 
fragmentation and could be so unstable that even their formation would 
not be observable by conventional methods. Characteristic reactions of 
the 1 D states of oxygen, sulphur and selenium atoms are their insertion 
reactions i.e. their addition to saturated hydrocarbons in a single-
step concerted process. Triplet state atoms react only abstractively 
with paraffins. The properties of these divalent atoms and those of 
divalent carbon and the family of carbes, are analogous. 
The reactions of Group VI atoms, in addition to their inherent 
kinetic interest, can be exploited advantageously for synthetic purposes. 
During this work, studies were also made on diatomic molecules 
containing CXoup VI atoms. In particular excited states of S2 were 
studied, following the photolysis of OCS, and the HTe radical was 
studied in the photolysis of H2Te. During the photolysis of H2Te 
spectroscopic studies were made in the vacuum ultra-violet region and 
kinetic studies were carried out on an electronically excited state of 
I - 
liTe, discovered during the spectroscopic analysis. The properties of 
these molecules and also the individual atoms will be discussed in greater 
detail in later chapters. 
CHAPTER 2 
E)GERfl4ENTAL 
2.1 GENERAL INTRODUCTION 
Although the equipment used was built within the duration of this 
work the techniques have been in use for some time and are described in 
several good reviews and books.7' 15-19 Therefore only a brief 
description of the two main techniques used will be given here, with 
special attention being given to specific details particularly relevant 
to this work. 
A typical flash photolysis arrangement consists of three parts: - 
A photolysis flash, for producing a short pulse of light of 
very high intensity, along with associated storage units - usually 
capacitors - and equipment for charging and initiating the discharge 
(triggering). 
A reaction vessel with a reflector to condense light from the 
photolysis flash. 
An arrangement for physical detection and estimation of 
transient intermediates. Usually absorption spectroscopy is the method 
used and the two principal techniques employed are:- 
a. Flash Spectroscopy. This uses a second spectroflash of short 
duration, which is tinsd to fire at any required interval after the 
photolysis flash, and a spectrograph (see figure 2 and plate I). The 
spectroflash gives essentially white light from 200nm to near infra-
red wavelengths. The spectrograph photographically records the 
absorption spectra of reaction intermediates in a single flash of a 
few microseconds duration. 
b. Kinetic Spectrophotomet. A monochromatic light source is focused 




Key to parts: SF - spectroscopic flash; PF - photolysis flash; RV reaction vessel;-.SP , - spectrograph; HT - hydrogen 
thyratron; CR - charging resistor; CS - spectroscopic capacitor (1.5,pF); CP --!photolysis' capacitor (lOpF); 
DU - variable delay unit; T]) - trigger detecter for delay unit; B - 30kV pulse generator (photolysis trigger); 
1S - mechanical firing switch; CU - charging unit; SW -switching unit;-- high vacuum system; 









PLATE I. Apparatus for Flash Photélysis - Kinetic Spectroscopy. 
lb 
particular wavelength as a function of time. The light is monitored by 
an electric detector and a rapid recorder (e.g. a photomultiplier and an 
oscilloscope). A diagramatic representation of the apparatus used can 
be seen in figure 3 (see also plate II). 
Each technique has its advantages and disadvantages. For exploratory 
work on a system where the spectra of the transients are unknown or 
uncertain, it is advisable to record the spectra photographically over 
the whole spectral range of interest. Very short-lived species, which 
are present only in a photostationary state during the flash or close to 
the flash, can often be detected by flash spectroscopy when photo-electric 
methods would be unsuitable owing to interfcrcncc by scattered light from 
the photolysis flash. 
On the other hand, the spectrophotometric method is somewhat simpler; 
no delay unit is required and, if the absorption spectra are reasonably 
extended, simple filters are sufficient to isolate the required wavelength. 
It is also far more accurate for kinetic work once the intermediates have 
been identified, and far less tedious, since the whole kinetic record of 
concentration versus time is obtained in a single experiment. 
2.2 GENERAL CHARACTERISTICS OF FLASH LAMPS 
The ideal photolysis (photoflash) and spectroscopic (spectroflash) 
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short duration. The lamp is also expected to be reproducible from flash 
to flash, both in spectral output and intensity, and must have a fairly 
long lifetime before deteriorating. Increasing the energy of the flash 
increases the duration, so that for a particular application it is 
necessary to balance the two factors. In general the characteristics of 
the photoflash lamp set the time resolution of both kinetic spectrophoto-
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P.M. 	 OSCILLOSCOPE OR 	AKPLIFIER 	E. H. T. 	MICROWAVE 
PO'1ER SUPPLY. 	TRANSIENT RECORDER 	CHARGING 	GENERATOR 
UNIT 
Key to parts: RV - reaction vessel; AL - atomic emission lamp; PT - photocell trigger for the oscilloscope; 
PC - photolysis circuit, consisting of photolysis flash lamp, capacitor(10)IF), mechanical switch and a high 
voltage charging unit; 2M - photomu1ttplier; R - 30kV pulse generator (photolysis trigger); 
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PLATE IL Apparatus for Flash Photolysis with Kinetic Spectrophotometry. 
() Flash Imp Parameters. 	It is not proposed that the theoretical 
discussion of flash lamp parameters be discussed in very great detail as 
this has been well covered in other work. 
For microsecond work and longer theusual type of flash is 	 11 
produced by the discharge of a capacitor through a quartz tube filled 
with a moderate pressure of rare gas. The flash lamp circuit can be 
treated as a LCR network in which the lamp provides most of the resistance 
(R1) and part of the inductance. This circuit is represented diagramatically 
in figure 4. Assuming the lamp resistance s R1, is constant at high 
current densities, at any time t the current flowing through the 
oscillating circuit is given by 
It = YO • exp(-Rt/2L) . .iint 	 ...(i) 
L 
where w 	1; — 
\JCZL2 
If = 0, the circuit resistance R = 2 WC and the current is "critically 
damped". If R <,2 JL/C the current oscillates, which apart from the 
extra time taken for complete discharge may have a damaging effect on the 
capacitor and will certainly shorten its life. If R>2 JL/C the circuit 
is overdaruped and the current profile shows a long tail. If, to a first 
approximation, the light profile follows the current profile, examination 
a.i,,' c 	+HQ 	,rfDc,A rf 11avina. +11A a= ^1^00 aim  
to being cztically damped. 
Experimentally it has been shown that the average power dissipation is 
proportional to V02 / J L/C and the time for a half-period to FLC., Thus 
for maximum average power or peak power, the capacitor voltage, V ol should 
be as high as possible and the current impedance, z0 (= JL/C if R1 neglected), 
as small as possible. 
20 
L 





Figure 5. Normalised current profiles versus normalised. time. 
Lamp resistance is proportional to l/D, where 1 is the interelectrode 
distance and D the internal diameter of the lamp. Generally 1 is fixed 
in that it is normally matched to the length of the absorption cell. 
The maximum energy dissipated by a capacitor through a lamp is given by 
= . cv02 
and for a particular energy it is best to use a small capacitor at high 
voltage. 
Current inductance is kept to a minimum by-choosing a capacitor with 
a low inductance, by keeping the connecting leads short and by using a 
low inductance switch. If Rl is not correct to give critical damping, 
then extra resistance may be added to the circuit or Ri may be reduced by 
using two lamps in parallel. 
At high energies conversion of electrical energy to light is 
efficient (1-50%) and a I000J lamp can di6sipate 1020 photons per flash 
in2O microseconds (20s). The electrical energy does not necessarily 
determine the amount of light given out by a flash lamp, but for a 
particular lamp the light intensity is proportional to energy input with 
discontinuities at very high and very low energies. 
Flash duration is normally expressed as the time during which the 
light intensity exceeds half of its peak value. Theoretical treatments 
predict correct flash duration and peak powers but time resolution is 
determined by the tail on the flash profile. This can result from decay 
current or from the "afterglow" following ion recombination in the gas 
filling or phosphorescence from quartz. Xenon, is particularly prone to 
giving an "afterglow" and was not used. Flash profiles are wavelength 
dependent and are invariably larger at larger wavelengthso the ultra-
violet profile is not greatly extended. 
(2) Emission Characteristics. At low energies or low filling pressure, 
a many line emission from the filler gas, and silicon and oxygen from the / 
quartz predominate. At higher pressures and energies the intensity 
of the continuum arising from electron retardation and recombination 
increases relative to the line spectrum. In all situations in this 
work the lamps were designed for a continuum type of output. Small bore 
lamps such as the spectroscopic lamp described later produce high plasma 
temperatures, either by physical or electromagnetic pinching of the 
discharge. These high temperature plasmas produce a spectral distribution 
to shorter wavelengths than 200n'n. Lamps can explode and this has to be 
taken into account when designing a lamp. This is mainly a case of 
building strong lamps with no weak points such as joints, not too 
narrow a bore and not too high a filling gas pressure. Finally, the 
energy passed through the lamp must be well within the limits of the lamp 
if it is to last any length of time. 
2.3 FLASH LAMP CONSTRUCTION 
(i) Photoflash Larnp. Basically three types of photoflash lamp 
were constructed in the course of this work. Initially a conventional 
lamp made of quartz tubing (I.D. = 15mm) fitted with tungsten electrodes 
(commercially available) sealed in quartz was constructed (Fig. 6a). 
Later lamps were made up using quartz tubing with Bik quartz sockets 
attached at either end (Lg. 6b.). Mild steel electrodes were machined up 
to fit the Blk and one electrode had a B7 cone machined on the opposite 
end to the electrode. This B7 cone had a small hole drilled through to 
the base of the electrode which protruded about 25mm into the lamp. A 
high vacuum tap, with B7 socket attached, completed the seal and allowed 
evacuation and filling of the lamp. All the seals were made with 
Picein wax, 	 - 
This lamp had the advantage that it had no joints to weaken the 
structure and could easily be dismantled for cleaning. The disadvantages 
23 
were that during the flash, material frointhe mild steel was sputtered 
along the interior of the lamp. However these lamps gave many hundreds 
of flashes before cleaning was necessary and the dismantling and cleaning 
operation was very simple. 
The third type of lamp consisted of a concentric flash lamp built 
around the reaction vessel such that the-walls of the reaction vessel also 
formed the inner walls of the flash lamp. With a reaction vessel made 
from spectrosil, arranged in this manner, photolysis down to X = 160nm 
was possible. 	This lamp is diagramatically represented in figure 7 and 
can be observed in plate I. 	The electrodes were machined from brass, 
the external pyrex jacket being attached to the electrodes using epoxy 
resin. 	The inner jacket (the sDectrosil reaction vessel) was made air- 
tight using 0-ring seals. 
Before any of the above lamps were used, they were thoroughly 
evacuated for 48 hours and if possible gently heated in vacuo. The lamps 
were then filled with 400-650 N 2 of krypton. When first filled, the 
lamps could only be flashed a few times before failing to fire but after 
being refilled they would give many flashes. The co-axial lamp was the 
exception. 	Because of the 0-ring and epoxy resin seals, this lamp had 
to be refilled each day. 
Only two sizes of lamps were used. For the flash spectroscopy a Im 
lamp was mainly used but the concentric system was 0.5m. For all other 
work a 0.5m lamp was used. The long lamps were fired at 8-14 kV from a 
10,9capacitor (i.e. maximum energy dissipated = 1000 J) and the smaller 
lamps at 5-9kV from a 10uF capacitor (i.e. max. E = 500J). 
(2) Spectroflash Lamp. Only one of the available types was used 
in this work. 	This is shown in plate III and is a conventional quartz 
capillary lamp. 	The discharge between the tungsten electrodes is 










and fill lamp. 
Figure . Conventional Linear Flash Lamps. 
To vacuum line To evacuate to evacuate 
photolysis lamp. 




Brass electrodes Epoxy resin' 0-ring seal 
Frrex outer wall 
Figure 7. Cross section of co-axial flash lamp and reaction vessel. 
Figure 8. 
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Circuit allowing two capacitors to be charged and earthed. 
Key to parts: Cl and C2- the capacitors; CS - the capacitor switch; 
Ri and R2 - the earthing resistors (10000.n.) ES - earth switch; 
dotted line - insulated boxswitches operated by teflon rods (0.34: 
a hot plasma and therefore gives a good continuum in the ultra-violet. 
The lamp is self-cleansing and the plasma gradually wears down the capillary 
walls, sputtering a white silica deposit over the interior of the lamp. 
This material must be prevented from reaching the window, so a collimator 
was built into the lamp which prevented this deposit from travelling 
forward. At the rear of the lamp a ballast volume was added to allow 
for gas expansion and to collect most of the deposit. This also 
contained a pumping connection and a window optically in line with the 
front window. This helped with alignment. 
The lifetime of the lamp was mainly determined by the lifetime of 
the capillary, since as the diameter gets wider the plasma becomes cooler 
and emission lines become more pronounced and the continuum in the ultra-
violet weakens. Again this lamp is easily dismantled and cleaned with 
a 10% HF solution. Before filling, it was thoroughly evacuated and then 
filled with 500 Nr2 of krypton. It gave many hundreds of flashes before 
cleaning was necessary. This lamp was fired at 5-14kV from a 1.5/JF 
capacitor. (max.E = 147J). 
2.4 FLASH LAMP CIRCUITS 
1. Power Supplies. Commercial power supplies were used to charge 
up the capacitors. Hivotronic Ltd 0 charging units 25-10-1 and 50-20-1 
+, 	1.,4-+s 	 - 	 4' 4.l.... 
•t 	 •_ 	
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it was found to be best suited for kinetic flash spectroscopy since two 
capacitors have to be charged (i.e. the photoflash capacitor and then the 
spectroflash capacitor). This was achieved by building a switching 
device whichenabled the output of the charging unit to be fed to either 
of the capacitors. This box, which was constructed completely from 
insulating material, was also fitted with a facility for earthing the 
capacitors, should the need arise to remove a large voltage safely. This 
was done by arranging for the high voltage to drop to earth via a 10,000fl. 
high power wire-wound resistor. Figure 8 shows diagramatically the 
functions of the switching box. 
2. Capacitors. 10F and 1.5fl rapid discharge capacitors made by 
Hivotronic Ltd. were used. These were rated at 20kV and were therefore 
operated well within their capacity, thus prolonging their life. 
3 , Photoflash Lamp. In any type of flash photolysis experiment it 
is important to be able to get the lamp to fire reproducibly. This is 
especially true in kinetic spectroscopy where two lamps have to be fired 
with only a short delay between them. We must therefore examine how the 
lamps may be fired (or triggered). 
The photoflash lamp circuit can be seen in figure 2, When the 
photoflash capacitor was charged up the mechanical switch (plunger - 
see figure 2) was left in the open circuit position. As the anode was 
raised in potential, so the cathode floated up to a high potential since 
some charge leaked through the lamp. If the pressure of gas in the lamp 
was below the breakdown limit for the voltage (V0 ) used, then when the 
mechanical switch was closed the cathode was earthed, the potential drop 
across the lamp became Vo and the lamp fired. If the lamp filling was 
above the breakdown limit, then the lamp would not fire. However, if an 
          .  4. . 	1. .4__ 4 	_ - .. 	 a . . 4...O 4 LG_ 	LCli, 	J4 	. 1. 	L 4.J4.J -  	Ut 	 LJ.4...L. .. A  
by a pulse of high voltage. This was done using a fast, 30kV pulse 
generator niade up in the departmental electronic workshop. The circuit 
for this is shown in figure 9. 
Unfortunately there was a point where breakdown was nearly Vo so that 
when the switch was closed the lamp did not fire immediately but did 




Figure 9. 30kV Pole Generator. 
1\) 
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eventually fire at some short time later. This situation was avoided, 
if possible, for two reasons. 
The spark crossing the gap as the mechanical switch closed 
could trigger the delay unit and then the spectroflash lamp 
would fire. Meanwhile the photoflash lamp may or may not 
have flashed, i.e. the delay between the lamps may have been 
less than indicated and in fact the photolysis flash may have 
occurred after the spectroscopic flash. To check for this, all 
the experiments were monitored with a photocell and storage 
oscilloscope. This gave the delay to a greater degree of accuracy 
than the nominal delays indicaton the delay unit. 
The ionization uses up some of the available electrical energy 
and this may effect the light output from the flash lamp. This 
problem was minimal compared to the firing problem above. 
A mechanical plunger (switch) was used because it was simple to make 
and to operate and has a low inductance. This problem does not arise in 
kinetic spectrophotometry as only one lamp is fired andthe oscilloscope 
was arranged to trigger from a photocell. 
1+, Spectroflash Lamp. The circuit for this lamp can be seen in 
figure 2. The firing technique is basically similar to that for the 
photoflash, except that electronic switching is used. When the capacitor 
is charged up, a high resistance (165 N2) in parallel with the lamp 
allows both electrodes to go to the high potential. When the delay unit 
(Hivotronic Ltd.) receives a signal, either from a photocell, photomultiplier 
or induction coil (this picks up current flowing through tle photoflash lamp 
leads), then the signal is amplified and delayed, and a IOOV spike is passed 
to the grid of the hydrogen thyratron. This enables the thyratron to 








Figure 10. Regowskl. Coil - induction coil used to trigger the delay unit 
vout 
Figure 11. Pin Diode - fast response infra-red detector used to check 
the delay between the photoflash and the spectroflash. 
As mentioned previously, the delay unit was occasionally triggered by 
electromagnetic pick-up from the mechanical plunger. The delay unit was 
therefore modified so that the sensitivity, could be varied. This allowed 
the sensitivity to be adjusted so that the delay unit only operated from 
the signal coming from the sensing device in use at the time, usually the 
induction coil (figure 10 shows the circuit diagram of the coil.) 
It was found advisable to check the delay by using a photosensitive 
pin diode (see figure 11 for circuit diagram) and storage oscilloscope. 
A Tektronix Type 549 Storage Oscilloscope was used although for this 
type of work cheaper units would suffice. 
2.5 APPARATUS FOR FLASH PHOTOLYSIS WITH KINETIC SPECTROSCOPY 
1. A schematic representation of the apparatus is shown in figure 2. 
The spectrograph used was a Huger and Watts medium quartz spectrograph 
(Type E301) with slits set for the most part at 601pm x 3mm. Kodak 
Panchro-Royal film was used and was sensitized to ultra-violet light by 
immersion in a saturated solution of sodium salicylate in ethanol. When 
dry,the fine layer of sodium salicylate fluoresced atA20nm when 
irradiated with ultra-violet light. The plates were developed in Ilford 
Contrast Fl developer, diluted I part developer to 3 parts water, for 
5 minutes at 200C, with continuous agitation. 
The lamps were set up as described previously, and the reaction 
vessel which was made of vitreosil grade quartz Om long x 22mm O.D.) was 
fitted with spectrosil grade windows attached with epoxy resin. The 
photolysis lamp and reaction vessel were mounted parallel to each other 
inside an aluminium cavity, the whole unit being mounted on an optical 
bench. The reaction vessel was optically coupled to the flash lamp by 
wrapping aluminium foil closely round both of them. This system limited 
photolysis to )>200nm. 
It was important to get the light from the spectroflash lamp 
focused onto the slit of the spectrograph, after passing directly down 
the reaction vessel. A single quartz lens optical system, shown in 
figure 2, was used. Aligning the spectroflash lamp was simplified by 
passing a Tesla coil discharge through the spectroflash lamp and 
observing the image at the slit. Initial alignment, without the lens 
in position, was made easy by the use of a mor at the slit to check 
that the capillary pointed down the centre of the reaction vessel. 
With the lens in position, focusing was carried out by direct observation 
of the slit in a darkened room. 
A summary of the typical procedure followed is: 
1. Sensitize the film and load the plateholder. 
29. Check equipment - refill lamps if firing poor or erratic. 
3. Put a scale marker on the film, record an exposure through 
the empty reaction vessel and record the photolysis flash 
alone (to check scattered light). 
k. Set up the required delay on the delay unit controls. 
Measure the reaction mixture into the reaction vessel. 
Charge up the photoflash capacitor. 
Charge up the spectroflash capacitor. 
Fire the lamps (i.e. do the experiment). 
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Evacuate the reaction vessel to stop the walls from coating 
up with photolysis end-products (this was done as quickly 
as possible after photolysis had occurred, taking procedure 
9 into consideration). 
Check and record delay indicated on the oscilloscope and 
move plateholder to next position. 
120 	Return to 
2. Processing the Results - Microdensitome. 	The film used to 
record the spectra was a high speed film which had to be slightly over-
developed to obtain adequate image density. The end result was a rather 
grainy emulsion. The characteristic curve, or D-log E curve (where D is 
optical density and E is the exposure), relates film speed, contrast and 
exposure and is thown in figure 12. For quantitative work it is necessary 
to be on the linear part of the curve. Scattered light from the photo-
flash probably takes the image onto the linear region but in cases where 
the image was very weak (e.g. when the continuum from the spectroflash 
was weak at 210nm, as in the HTe work (see Chapter 7)) it was necessary to 
pre-fog the emulsion by firing the spectroflash through an empty reaction 
vessel. This brought all subsequent exposures into the linear part of 
the curve. 
The film was densitometered on a Joyce Loebl Double Beam Recording 
Microdensitometer MkIII and,because of the grainyness of the film, large 
slit heights were used to average out the resulting'ois&. The density 
of an absorption peak follows the relationshipz 
Do - Dt = YLog Eo/Et = YLog b/I 
where Diz. and Dt are the optical densities at time 0 and t respectively 
and Y is the slope of the linear part of the D-log Z curve. E0 and Et 
are the exposures at times 0 and t respectively. 10 i.the light 
intensity falling on the plate with no absorbing species and I the light 
intensity at the same wavelength at some time t when an absorbing species 
is present. 	If Beer's Law is obeyed; 
Log Ia/I = €. c ti and thus 
Do - Dt GKE.ctl 
where ót is the concentration of the absorbing species at time t, 1 is 
the length of absor1bant and E.is the molar absorption coefficient. 
WIM 
Therefore the peak height (D0 - Dt) is normally directly proportional 
to concentration. 	(See below for exception.) Examples of densitometered 
traces are found in figure 2$ on page 17. 
2.6 BEER-LANBERT LAW 
The direct proportionality between fractional absorption and number 
of absorbing molecules is expressed in the Beer-Lambert Law. It can be 
written: 
'trans = i exp(-ocl) 
where ois the extinction coefficient for light of frequency ), 1 is the 
length of absorbant, c the concentration and 10 and 'trans are the incident 
and transmitted light intensities respectively. Rearrangement of the above 
equation gives: 
Lii Ia/I =cl 
However, depending on the optical arrangements in the experimental set-up, 
the Beer-Lambert Law has to be modified to the more general formula: 
In Ia/I =o,,(clf 
where we shall call G the Beer-Lambert expon en t and which can take values 
from 1 to zero, the former being the optimum value. 
With a continuum type of light source such as in the kinetic spectro-
scopy experiments, intensity can be assumed to be independent of frequency 
over the range where absorption is significant. However the resolving 
power of the spectrometer is very important in determining the sensitivity 
with which absorption by a narrow line can be detected and measured. If 
the spectrograph is effectively looking at the whole line then 1 = I (figure 
13a). If however the absorption is saturated (figure 13b), thenwiU 
take some value less than 1. As less of the line is being observed so Ye 
will decrease further and this can be best shown in a plot of Lii '/' versus 
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Figure 12. Characteristic Density (D) - Exposure (E) curve for a 
photographic plate. 
Figure 13. Absorption bands as observed on a photographic plate. In 
figure 13a the whole of the absorption is recorded on the emulsion but 
in figure 13b only part of the band is recorded i.e. saturation has 
occured. D is the optical density available and SA is the effective 
slit width of the spectrograph. 
0 
0 







Figure 14. Plot of Ln.IJIversus concentration (c) -"Curve of Growth 
C is the detectable concentration range and ,
13 
is/the 
average slope of the "Curve of Growth" in this range. 
The value of 	is determined, experimentally. 
Frequency 
Figure 15. Diagrainatic representation of the probable emission 
(solid line) and absorption (dotted line) line shapes. 
Shaded area represents light absorbed. In diagram (a), 
. 	is 1 • In diagram (b) 
p is less than 1 since'not all of the absorption is observed. 
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This problem also arises in kinetic spectrophotometry. If a 
12 
continuum type of source had been used the above argument would still 
apply. When a line emission source is used the resolution of the 
monochromator is unimportant and instead the relative shapes of the 
emission and absorption lines become important. In general, if the 
absorption line is contained within the shape of the emission line s= I 
(figure 15a). 	However if the lamp emission is revorsed, which is probable 
under the conditions used, 20  then total absorption may occur at the line 
centre and /3< 14 approaching zero as the concentration increases. Other 
factors such as relative temperatures contribute to line shapes but are 
dealt with more fully elsewhere* 20  
In both of the above cases, we can only monitor concentration over a 
relatively small range using any one detection system and so must find 
experimentally where we are on the "curve of growth". This was usually 
done by masking off half of the reaction vessel and so halving 1. The 
relation 
= Lu ( Lu ('/')i = / Lu ('/' ) 1 = .)/Ln2 
gives p . To correct for this factor all values of In Ia/I must be raised 
to the power i/,a. 
2.7 APPARATUS FOR KINETIC SPECTROPHOTOMETRY 
A detailed review of this technique is given in an article by Porter 
and West.7 The basic apparatus used here is diagramatically represented 
in figure 3. The following sections describe the optical components in 
detail. 
(1) Atomic Emission Lamps. This type of lamp is generally much 
more useful for monitoring atoms than continuum sources, as most of the 
energy is channelled into specific frequencies thus allowing lower 
PPYA 
concentrations to be detected and better signal to noise ratios to be 
obtained. In some cases monochromators may be dispensed with, simple 
filters being used to remove unwanted radiation. 	In all work presented 
here it was found necessary to use a monochromator especially for working 
in the vacuum ultra-violet region. 
In order to monitor 5, Se and Te atoms, it was decided that appropriate 
atomic emission lamps should be constructed. There are two basic types 
of emission lamp. 	(a) Flow Lamps: Here the atom is produced by passing 
a molecule containing the atom through a microwave discharge. These have 
the advantage of running at a lower temperature than sealed lamps and the 
emission probably being less reversed. They have the disadvantage of 
being inconvenient to set up and possibly running out of gas mixtures at 
critical times. For molecular emissions this is generally the only 
technique which can be used. 	(b) Sealed Imp: Here the element itself 
is sealed into a quartz tube in a very pure state with some inert gas 
included to stabilize the plasma created by the microwave discharge. This 
type of lamp has the advantage of being easy to set up and is generally 
used for atomic absorption spectrophotometers, and can be bought 
commercially. 
It was decided to manufacture our own lamps in the laboratory since 
they could be built to our requirements. Basically two types of lamp 
were built in the laboratory. The type initially built is shown in 
PlateIV. This type was used for the sulphur atom work. The lamp 
was thoroughly cleaned with 101% HF and distilled water and then dried 
carefully before being assembled. Sulphur was added in the powder form 
before t 	:indow (Spectrosil) was attached. 	The sulphur was thoroughly 
degassed and purified by distillation in vacuo; water was pumped away 
while gently heating the lamp. Various pressures of inert gas were 
added and the spectral output of the lamp recorded until optimum 
conditions were reached. Appendix I contains information on the output 
of this lamp. The design of this lamp included a B19 cone at the front, 
with a double wall. The B19 cone allowed the lamp to be plugged directly 
into the end of the reaction vessel, thus removing any air gap, and also 
reducing the number of windows in the optical system. The double wall 
allowed the discharge to reach the window without touching the window 
adhesive and drawing impurities into the lamp. 
This lamp had the advantage that windows of any material could be used 
e.g. Lii!'. Unfortunately when using the sulphur lamp, sulphur tended to 
distil onto the window and back to the rear of the lamp. However this 
was not a great problem as sulphur is quite volatile and was easily 
distilled back to the discharge region by gentle heating. This was not 
true of selenium where once on the window it was difficult to remove 
without pyrolysing the epoxy adhesive. 
To overcome this problem with Se, totally sealed quartz lamps were 
constructed following the procedure devised by Gleason and Pertel. 21 The 
lamp was made up as shown in plate IV. It consisted of a piece of quartz 
tubing (70mm x 10mm 0.1).) with a spectrosil window blown onto one end and 
attached via a constriction to a BlO cone. A high 'vacuum tap completed 
the seal. This lamp was thoroughly cleaned with 101"jo HF and rinsed with 
distilled water before being thoroughly dried. The lamp was pumped for 
two or three days with occasional heating to a dull red heat in order to 
remove the water vapour. Clean argon and helium were admitted and a 
Tesla coil discharge used to remove surface adsorbed water and oxygen 
as the inert gas was pumped away. When the lamp was cool, 200 1\,m 2 of 
H2Se was added and was decomposed by spot heating to give the elements in 
a very pure state. The excess H2Se(or H2Te) was pumped away together with 
-':1 
hydrogen. The element was degassed and purified by distillation about 
the tube. Various pressures of inert gases were added and the spectra 
recorded. Finally when the optimum conditions were found for operating 
the lamp, it was sealed off at the constriction. This lamp was briefly 
tried out using sulphur.(from 112S) and the results indicated an improve- 
ment on the previous type of lamp. Details of the spectral output of these. 
lamps can be found in appendix I. 
The Se and Te lamps so produced were fairly difficult to operate. 
In order to get a high enough vapour pressure of elements in the discharge 
the lamps had to be quite hot (>100°C)and the discharge had to fill the 
whole lamp otherwise the metal distilled out into the cooler regions. 
These problems were overcome by making the lamps fairly short and by 
allowing them to heat up in the discharge. The microwave cavity had to 
have air cooling but this cooled the lamp. A piece of pyrex tubing which 
slipped over the lamp but still fitted the microwave cavity was found to 
be the ideal solution. This allowed the lamp to get hot and allowed air 
cooling for the cavity. It also had the extra benefit of dramatically 
cutting down ozone formation which even in low concentrations is an 
unpleasant and toxic gas.. 
The advantage of this lamp was that, being constructed entirely of 
quartz, it could be heated in vacuo to a fairly high temperature and water 
impurities could be removed. This was a problem with thc early lamps, 
which could not be heated because of the window adhesive, and therefore 
the emission also consisted of many OH bands. These bands lower the 
intensity of the atomic lines and also obscure others and are generally 
undesirable. 
The disadvantage of the sealed lamps was that a separate window had 
to be attached to the reaction vessel. This took the form of a B19 cone 
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with the stem shortened to 2 or 3mm and a window attached. The lamps 
were positioned close to or up against the end window of the reaction 
vessel. (See plate V). 
If the light from these lamps was of sufficient energy to photolyse 
the contents of the reaction vessel, a blind had to be used between the 
lamp and the reaction vessel. This was removed immediately prior to firing 
the photolysis lamp. 
It is important to have a stable signal with no 50Hz mains ripple 
superimposed. in order to achieve this both microwave generators used 
had to have extra DC smoothing and stabilization. The generators used 
were an Electromedical Supplies Microtzon 200 and an EHI Microwave Power 
Generator Type T1001. These both operate at a frequency of 2 145OMHz and 
are capable of providing more than 100 watts incident power. 
Reaction Vessel. This was made of vitreosil grade quartz thus 
limiting photolysis to A )200nm (length was 500mm and 0.D. was 22mm). A 
B19 socket was attached at one end. into which some of the atomic emission 
lamps could be plugged directly. At the other end, a spectrosil or LiF 
window was attached, the former usually with epoxy resin and the latter 
with Picein. This end of the vessel plugged into the entry slit of the 
vacuum monochromator, an 0-ring seal making the whole system vacuum 
tight. 
Flash lamp. This was a standard 0.5m lamp described previously 
in section 2.3(2). Both the photoflash lamp and reaction vessel lay 
parallel to each other supported in a polished aluminium cradle. 
Aluminium foil was used to optically couple the lamp and reaction vessel 
although the highly polished interior of the cradle was also found to give 
reasonable optical coupling. The earthed end of the lamp was positioned 
next to the spectrograph for safety reasons. The circuit was similar to 
that described in section 2.4. 
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(+) ilonochromator. A Huger and Watts Vacuum Ultra-Violet 
Monochromator, model E766, was used to allow observations down to 
= llOnxn (oxygen in the atmosphere absorbs light for ?t.<l9Omin). 	This 
instrument employed a concave grating of Im focal length (mounting type 
"off-Rowland circle" - Normal Incidence). The grating used for the early 
sulphur atom work was a Bausch and Lomb (800 line/mm) grating and for all 
later work a Jobin-Yvon replica grating, 51 x 54min with 997.9mm radius of 
curvature was used. This latter.grating had a ruled frequency of 1221.2 
lines per mm and was blazed for 121 .6nm, with a blaze angle of kO 16'. 	It 
was coated with magnesium fluoride to enhance its reflective power down to 
12Onm. 	The longest wavelength obtainable when fitted in the vacuum 
monochromator was 350nm and the dispersion obtained at the slits was.83.nm 
per mm. 
The interior of the can was fitted with light baffles to cut down 
scattered light since the interior of the can had bare metal surfaces 
which scattered light from high order reflections. Alignment of the 
optics was carried out as recommended by the manufacturer. The can was 
evacuated to a pressure <10 3Nm 2(10Strrr). Adjustment of the slits 
depended on the signal to noise ratio (slits usually between 75-150)m). 
(5) Light Detection. The exit slit was plugged by a highly 
polished cylinder of perspex (see figure 16) 	This cylinder had a similar 
diameter to the photomultiplier photocathode (omm) and acted as a light 
pipe directing as much light as possible onto the photocathode. The 
front surface of the perspex block, facing (and as close as possible to, 
but not touching) the slit, was coated with a thin layer of sodium 
'9 	 2. salicylate to an optimum thickness of 1.5mg per cm . 	This layer of 
sodium salicylate was produced by spraying a 0.5 molar solution of 
sodium salicylate in methnhol onto the front surface of the perspex 
block. An atomizer spray was used and a continuous stream of warm air 
was also blown onto the front surface, producing a fine, crystalline layer 
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of sodium salicylate. The peak fluorescence wavelength of sodium 
salicylate (420nm) corresponded to a region of high sensitivity for the 
photocathode of the photomultiplier used (see following section). 
The photomultiplier was contained in a brass, light-tight can, bolted 
to the exit slit assembly. It was supported/,in this can by two perspex 
discs with holes in their centres which just accommodated the photomulti-. 
p].ier and its mu-metal shield. The rear of this cr consisted of a 
bakelite cap fitted with connections for the high tension input and the 
output. This arrangement is shown diagramatically in figure 16. 
The photomultiplier detected changes in optical absorption due to 
photolytically produced species in the reaction vessel and the output was 
displayed on an oscilloscope. Synchronisation of the photoflash and 
oscilloscope timebase was obtained by using a photosensitive transistor 






Figure. 16. Photomultiplier Assembly 
Key to parts: A - Slit assembly; B - Perspex "light pipe"; C - Photo-
multiplier; ,D - Brass can; E - Photomultiplier circuit (see figure 17); 
F - 0-ring seals: 
hv 
±J •J 
. I I SJ SI IJI 
I+9v 




(6) Signal Detection. In this work only one type of photomultiplier 
was used. This was the end-on E.M.I. 9524B or 9526S (former has pyrex 
window and "S-Il" photocathode; latter has spectrosil window and "S" type 
photocathode). This type of photomultipliras Ii box and grid dynodes 
/1 
with CsSb surfaces and has a high gain. For the work described here the 
choice was irrelevant as both types are sensitive in te region where 
sodium salicylate fluoresces. Two basic circuits were used to monitor 
the photoniultiplier output signal. 	(See figure 18a. and 18b) 
(a) Initially the anode current was dropped across a lOkigure 18a) 
resistor and the voltage measured by: 
I The Textronix Storage Oscilloscope Type 549 fitted with a type .IAI 
Dual-Trace plug-in unit (max. sensitivity 5mVper cT). This oscillo-
scope has a bandwidth of 2 MHz and was used for monitoring fast signals. 
To reduce the shot noise a variable capacitance to earth was fitted into 
the anode circuit. This had the effect of reducing the bandwidth and thus 
(See later section.) eliminating high frequency noise. 
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fig. 18a only, 
. OOTpF odi,pi. 
Figure ia Photomultiplier Standard. Dynode Chain. Fig,18a includes dotted hr 
R I OOk; Ca = Capacitance of Anode circuit to earth; 
RL = Anode Load Resistance ( = 1Ok - figure 18a only; 
Figure 18b does not include RL , the output from the anode going straight 
to the current to voltage converter shown in figure 19. 
II If a spectrum was being scanned and was to be recorded on paper, 
the signal was fed to a Model 33B Vibron Electrometer, which measured 
small direct currents (0-1000mV) and had an output suitable for a chart 
recorder. 
(b) A solid state currnt to voltage converter was built, which 
accepted the anode current directly (Fig.18b) and produced a voltage (0-12V) 
proportional to this current at the output. The circuit diagram is shown 
in figure 19. This circuit contains an .RC network with which the gain of 
the device was altered. Increasing the gain decreased the bandwidth, as 
did increasing the capacitive feedback. The output from this device was 
taken directly to the oscilloscope and could also be taken to a chart 
recorder. 
At this point, greater attention must be given to a discussion of 
signal to noise (S/N) ratios since this was an important factor in this 
work. There are several sources of noise and artifacts which enter into 
optical detection in flash photolysis experiments. 
Shot Noise: This fluctuation in electron production is statistical 
and depends on the random arrival of photons in the incident light beam. 
Shot noise is generally the, principal limitation in sensitivity in fast 




Ic = photocathode current 
af = bandwidth of measuring circuit (Hz) 
e = the charge on the electron (1.6 x 10 9C) 
Thus to improve the SIN ratio, the photocathode current must be high 
(i.e. as much light as possible must be directed to the photocathode) and 
the bandwidth decreased as far as possible without distorting the signal. 
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• 	 Figure 19. Current to Voltage Amplifier. 
J Photomultipiler anode current accepted 
1 .02 MED 	directly (fig. 17b) arid a vo1age (0-12V) 
proportional to this current is produced 
at the output. 
To avoid signal distortion the half-life of the reaction being followed 
must be at least 5 times longer than the response time of the electronics. 
This gives a maximum error of 261 which is well within the error limits of 
most detection systems. 
Dark Current: This.is the small residual current produced when no 
light is hitting the photocathode. This is negligible unless very low 
light levels are being monitored. 
Electromagnetic Interference: Although the photomultiplier. was 
surrounded by a mu-metal shield, the high currents produced when the 
photolysis lamp was fired induced quite large signals at the photomultiplier 
output. This was probably due to unshielded leads on the base of the 
photomultiplier. This was overcome by wrapping the photomultiplier can 
in aluminium foil which was properly earthed. The cradle containing the 
photoflash tube was also earthed. It was important to check that the 
output from the photomultiplier is negligible when no light is allowed 
to reach the photocathode and the photoflash fired. 
Scattered Light From Photoflash: This was perhaps the biggest 
problem in that scattered light from the photoflash saturated the photo-
multiplier and, although when given a large bandwidth the photomultiplier 
could recover fast enough to follow the flash profile, the finite band-
width normally employed meant that the exponential decay of the photoflash 
perturbation was much longer (>100)15). This was controlled to a certain 
extent by increasing the bandwidth and reducing the scattered light as 
much as possible. The amount of scattered light depends on: 
The energy dis.pated in the flash. 




The position of the grating. 
Whether baffles or collimators are used in the monochromator or 
not. 
Whether filters were used in any part of the optical system. 
The sensitivity of the detector to various wavelengths 
produced. 
Unfortunately, when looking at weak signals which decay rapidly (t< I ma) 
a difficult dilemma arises. If the bandwidth is decreased to increase 
the SIN ratio, the length of the photoflash perturbation is increased. 
If the slits are opened further to get a higher photocathode current, the 
scattered light from the photoflash is increased in intensity and 
duration to such an extent that no benefit is obtained. Conversely, 
closing the slits or putting collimatoiin front of the slits decreased 
scattered light but also decreased our already weak signal. 
In conclusion, if a fast decay is being observed then it is most 
important to reduce scattered light. For slower decays and stronger sig-
nals, decreasing the bandwidth and collimation are most effective. 
Finally, given that only a weak signal can be obtained, then some 
form of signal averaging is necessary. This allows the use of low 
flash energies and so also improves the time resolution. The averaging 
would smooth out the shot noise and so the bandwidth could be increased, 
again improving the time resolution. The data could be processed 
directly from the memory of the signal averager thus obviating any 
necessity for human contact (and error) except for necessary cross-chcs. 
Unfortunately this facility was not available, and in cases where 
the SIN ratio was poor it was necessary to repeat the experiment several 
times and to take averaged results. 
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(7) processing of Data. 	In the kinetic spectrophotometry technique, 
the trace stored on the oscilloscope was photographed either on Polaroid 
film or on 35mm film. From the Beer-Lambert Law: 
La ia/I = 
or 	 La Is/I is proportional to concentration raised to the 
power 1a . ior first-order plots, Ln(concentration) was plotted against 
time. Generally Ln(Ln Ia/i) was plotted against time and the gradient 
corrected for,s by division-of the gradient (k'') of InLn Ia/I against 
time to give the corrected value (k!) for the first order rate coefficient 
(i.e. k' = k' '/,a ). 
Initially the photographs of the traces were printed or traced out on 
graph paper and measurements made by hand. Later a Ferranti Freescan 
Digitiser was used to process the data. However in all cases a human 
hand had to guide a pencil or cursor through the shot noise and this error 
probably accounts for a large part of t1 inaccuracy in this type of work. 
The data was generally processed by means of a least squares 
regression either on programmable desk calculators or by a larger on-line 
computer. 
2.8 GAS SAMPLES AND GAS HANDLING 
All the gas handling was carried out in conventional glass high-
vacuum lines. These were fitted with mechani.al mixing vessels and to 
get some of the low pressures required, sharing ratios were determined to' 
better than 10% accuracy. Compounds commercially available were thoroughly 
degassed and dried unless they were guaranteed pure. Appendix II contains 
a list of reagents used and their purity. When required mass spectrometric, 
u.l-violet and infra-red spectroscopy were used to check the purity of 
various compounds. 
51 
Some compounds were obtained from other research workers in the 
department. In particular, John Savage prepared H2Se and H2Te and William 
Duncan prepared a sample of OCSe without which SeQ+1D2) would not have been 







Previous work on the reactions of sulphur atoms has been largely 
confined to the reactions of the ground state triplet and the lowest 
1D2 state. 	S(3 1S0) has been observed directly and the kinetics of its 
decay in a number of gases measured. 22  The S(31D2) state has not yet 
been observed directly but indirect methods have been used to obtain 
rate data. 8, 9 Much work has been carried out on the insertion 
reactions of S(3 1D2) into saturated hydrocarbons. 12, 13 The addition 
reactions of ground state (33Pj) atoms to various unsaturated hydro 
carbons has also been extensively investigated.12' 13  The rate of 
reaction between S(33Pj) and oxygen has been measured several times but 
the existing data conflict. 26_28 Possible differences in reactivities 
among the triplet components have been largely ignored. 
Despite this previous work there is a general paucity of quantitative 
kinetic data for sulphur atom reactions. In this chapter quantitative 
data on a number of reactions are presented. The first reaction studied 
was the direct observation, by atomic absorption sectroscopy, of the 
S(33Pj) + 02 reaction mentioned above. The aim of this work was to 
check the previous conflicting data. Secondly, the reaction with 
acetylene, of.S(3D2) and S(33Pj), was investigated to compare the 
reactivities of these two states of sulphur. Finally an indirect 
method was used to obtain a series of correlated data for the collisional 
decay of S(3 1 D2 ). The indirect method used was the "spectroscopic marker" 
technique in which the NS radical resulting from the reaction of S(3 1D2) 
with N20 was monitored. 23 
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Source of Sulohur Atoms. Sulphur atoms and diatomic sulphur molecules 
can be produced from photolysis of several molecules such as OCS, CS2, 
H23, CH2-CH2-S and PF3S. 13 008 was chosen in this case since it gives 
the simple products S + CO when it is photolysede CO is a stable mole-
cule and therefore the secondary reactions which follow are less 
complicated than in the photolysis of the other molecules, where reactive 
radicals are produced e.g. CS2-S + CS. OCS also has the advantage of 
being readily available in high ourity and, being . a gas, is easily 
handled. 
Photolysis of OCS. From heats of formation, D(OC=S) is 304kJ and 
therefore the spin allowed step - 
OCS +k_+CO( 1 Z+) + S(3 1D2) 	 ..... I 
becomes feasible at (3o4 + iii) 1+O5kJwhich corresponds to )( 289.5nin. 
The step - 
OCS + W -4 co(E ) + S(31 S0 ) 	 ..... 2 
becomes energetically feasible at 210.5nm. 	The first absorption band of 
003, showing definite vibrational structure, 12, 24 extends from -'260nm 
into the vacuum ultra-violet region, with a maximum at -222.5nxn. The 
spin forbidden process - 
OCS + 	-4 Co('E ) + S(33Pj) 	 ..... 3 
has been estimated to be approximately 20% of the total primary process 
at wavelengths > 110nm. 25  From the above information it can be seen 
that photolysis of 003, where X)200nm, will mainly produce S(3 1 D2). 
Secondary reactions of importance in the photolysis of pure 003 are - 
008 + 3(311)2) 	CO + 82 (al g) 	S 	 ..... k 
+ perhaps s2 (b 1 E ) 
	
—0CS + S(33P) 	 ..... 5 
003 + S(33Pj) --* 	+ 32 (x3Z) 	 ..... 6 
54. 
2S(33Pj) + Fl 	S2 (A 	) + N 	 ..... 7 
s2(a19) + H 	_s2(x3 ) + H 	 ..... 8 
2 32(X3 ) + F1.._1S4 + N etc. 	 •••.• 9 
The absolute rate of reaction k has been determined as k.6.7 x 10-11  
8 
cm3molecule 	and the ratio of kL, to Ic5 as 3.8. 13  Reaction 6 is 
slow and is of the order 114cm3moiecuie -i s-' while that of reaction 9 
takes the form Ic9 EN] = (0.7 - 7.1) x 10- 12cm3molecule 	s(M = 2.3 - 
55kNir2 of OUS). 
Carbon dioxide and argon, which do not react chemically with 
sulphur atoms, are efficient quenchers of singlet excited sulphur atoms. 8 
S(3 1 D2 ) + H 	—p S(33Pj) + H 	 ..... 10 
The rate constants are kAr = 1.0 x 10 12 cm3molecule 	and 
8 
k002 = 2.6 x lo-11 cm3molecule 	 Thus a clean source of 
S(33P) atoms is photolysis of OCS in excess CO2  .or Ar. 
13 12 9, 	, Recent reviews 8, give, excellent coverage of the reactions 
of both ground state sulphur atoms and the excited states and the reader 
is referred to these for further information not directly concerned with 
this work. 
3.2 THE RATE OF THE R_-ACTION S(33Pj) + 02. 
Recent rate data for the reaction of ground state (3 3Pj) sulphur atoms 
with molecular oxygen 02('E)  have produced conflicting results. 	The first 
report by Homann et al. 26  covered the temperature range 675-1090Kand pre-
sented the rate constant in Arrhenius form as 
1.7 x 10_ 11 exp( 23.5kJ/m0le) cm3molecule -18-1 RT 
This data yields an extrapolated value for the rate constant at 300K which 
is three orders of magnitude lower than that obtained by Fair and Thrush 
using a flow technique, 27 (k = 2.0 1 0.5) x 10- 12 cm3molecule 1&1) and the 
more recent value by Fair et ai.28  obtained using the technique of flash 
photolysis-kinetic absorption spectroscopy. 	( (2.8 0.3)  x 10 2 cm3 
molecule 1_1) 
This reaction has been independently examined 29  in this work using the 
technique of flash photolysis-kinetic absorption spectrophotometry. 
Experimental. The apparatus used is shown diagrarnatically in Fig- 3 
and described in Chapter 2 (see section 2.7 ). The atomic emission 
lamp was in principle the same as that used by Braun and Davis 30 except 
that it was a sealed lamp and not a flow lamp (see plate IV - at top; 
page ko). This lamp plugged directly into a quartz reaction vessel (0.m), 
thenission being directed along the axis of the vessel and onto the slit 
of the Hj1er and WatE766 vacuum ultra-violet monochromator. The 
slits were opened to 175?m which was wide enough to isolate most of the 
atomic emission line without letting the molecular emission through. 
The grating used for this experiment had a ruled frequency of 2000 lines/mm 
(Bausch and Lomb). The signal from the photomultiplier was developed 
across a lOk.S'L resistor. 	Both the flashJ.amp and the reaction vessel 
were made of quartz, limiting photolysis to )>200nm. 
Atomic concentrations .ere measured by observing the attenuation of 
the emission line at 182.O4nzn (k3 °-433P1 transition; see Appendix I), 
following photolysis of OCS in the presence of excess argon or nitrogen as 
diluent gas (PocS = 5.0Nzn 2; P. = 15.0kN12). No serious attempt was 
made in the present study to monitor the rate for the separate spin orbit 
components of the (33Pj) state as previous studies have shown 28, 31 that 
relaxation processes are sufficiently fast to maintain equilibrium on the 
time scale used here. The (3½2) and (33P0) lines at 180.73 and 182.03nxn 
were also monitored in a limited number of experiments and no obvious 
discrepancy was found. The best signal to noise ratio was obtained using 
the (43$0-33P1 ) transition at 182.0nm and this was used accordingly for 
all kinetic measurements (see Appendix I). 
The excess argon (Ar : OCS = 4 x 103 ) ensured that over 96% of the 
s(3 1 D2) atoms produced were quenched to the (33P) ground state. 32 
Sufficiently high atomic concentrations were obtained by using flash 
energies of only kOoJ and in the absence of added oxygen the S(33P1) 
atoms were observed to persist for several milliseconds ( ) 20ms; figure20). 
Addition of small partial pressures of oxygen to the system greatly 
increased the rate of decay (see figure). With 1% photolysis, 
partial pressures of S(33P) were 	-2 and the reaction with 02 
under the conditions used (P0 2= 2.56-0.37Nin2) exhibited pseudo first order 
kinetics. Mixtures were made up in bulbs and ?.hours was allowed for the 
contents to mix completely. 	J-he mixtures consisted of 13.33  Nn 2 ; 
(oi Torr) of OCS made up to 140 kNnr2 (300 Torr) with N2 or argon. 
15kNr 2 (113 Torr) of this mixture was measured into the reaction vessel. 
Oxygen was included in this mixture at varying partial pressures. In 
order to prevent possible photolysis of OCS, the lamp power was kept to 
a minimum (30 watts) and turned up to approximately 100 watts immediately 
prior to photolysis. 
Results and Discussion. First order plots of ln.ln Ia/I against time 
gave good straight lines and Fig. 21 shows some examples of these plots 
for various partial pressures of 02.  The slopes were determined from a 
least squares regression and the first order rate coefficients (k') so 
derived (see table 2 ) were plotted as a function of the partial 
pressure of added oxygen, 	(See Fig.'22 ). The second order rate 
constant (k) for the reaction of S(33P1 ) with 02 was determined by 
processing the points through a least squares regression. For each 
point the extreme values of k, as given by the error from the first order 
plot, were used. 	The value of k obtained had to be corrected due to a 




Figure 20. " Typical oscilloscope traces for the decay of 
S(3 3 P 1 ) in the presence of 02 (X= 182.04nrn; 
POCS 
=5.03 Nrn2; 	Ar = 15.0k Nm 2 	P 0 : 
(a) 0.365 (b) 0.724 Nrn 2 ; time scale = 1 m sec 





Figure 21. First order plots for removal of S(3 3P2) in the presence of 
oxygen(O2) 	oc= 14Nrn 2 ; P02= no added oxygen(); 0.35Nrn 4 (-t-); 
1.02Nm 2(0); 2.56Nnr' 2('); Total pressure using argon as diluent gas 
= 15kNm 2 . 
a. The points marked 0 were not used in the first order plot. 
I 
TABLE 2 
[0"Nm 2 -k'/s 1 
b c 
_ x 1o12/cm3  molecule 	s 1 
[02] 
0 791. 
0.36 167 ± i. 0.98 ± 0.27 
0.51 242 ± 10 1,29 ± 0.18 
0.72 313 12 1.32 ± 0.15 
1.02 4-38 ± 66 1 .42 ± 0.36 
1.44 607 ± 28 1.4-9± 0.18 
2,09 84-0 ± 36 1,4-8 ± 0.15 
2.56 1004 ± 1.4.7 ± 0.15 
Accurate to within 3. 
Quoted error is 2 standard deviations from first order plot. 
Results not corrected for Beer-Lambert exponent, k, is the value 
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Partial pressure of 0 2 (Nm 2 ) 
Figure 22. Plot of first order rate coefficient (k') against partial pressure of 02. 
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This correction factor, the Beer-Lambert exponent 8 , for the atomic 
concentration was determined by observing the S(33P1 ) concentration at a 
fixed time for a range of pressures of OCS and was found to be 0.9 1 0.1. 
This technique is valid as OCS is a weak absorber in the region where 
photolysis occurs and the concentration of sulphur atoms produced by the 
flash is proportional to the partial pressure of OCS. Under the 
conditions used, (4 x 103 -fold excess of diluent gas) no significant 
heating by the flash could occur and the rate data are quoted for 295 K. 
In the absence of added oxygen, the decay of 5(33P1 ) was initially 
first order, confirming the results of Fair et al. 28  At longer delays 
(> Lnis) however, significant curvature in the first order plots towards 
an increased rate of decay was observed. Thus the intercept in 
figure 22, is in agreement with the initial decay rate but significantly 
less than. that observed for t>kms. Although the gases were of high 
purity it was noted that only 7ppm of 02 in the argon would account for 
the initial decay and the accelerated decay at long times was probably 
due to polymerisation reactions. 
The observed second order rate constant was determined as
29 
(1.67 o.16) x 1012cm3  molecule-is , and is in good agreement with 
the value of Fair and Thrush 27 but somewhat lower than the value given 
by Fair et ai.28  However, the reasonable agreement achieved with three 
2 
independent techniques strongly suggests that the data of Homann et al* is 
in error and that it would be worthwhile re-examining this reaction over 
a wide temperature range, including 300K. 
In fact, concurrent with this work another group did publish data 
on this reaction. Davis et al. 33 have studied the reaction of 
S(33Pj) with molecular oxygen using a flash photolysis - resonance 
fluorescence technique. They have studied this reaction both as a 
UC 
function of temperature (252 - 423K) and over a range of total pressures. 
They obtained the following result presented in Arrhenius form 
k = (2.24 1 0.27) x 10_12exp(_000R 0.4kJ/mole)cmoiece_1s_1 
They concluded that the small A factor for this reaction, the lack 
.of any pressure dependence and the direct observation of 0( 3P) with 
increasing reaction time suggested that the S(33Pj ) atom attacks the 2 
(3M ) molecule end-on forming 500 which rapidly falls apart (<1o 10s) to 
form so(3 E) and 0(23P). 
The adiabatic potential energy surfaces on which S(3 3Pj) atoms 
react with 02 have been discussed previously 8 , and although the 
structure of the transition state is still uncertain, the fact that 
0(23Pj) has been observed as a reaction product by Davis et a1 3 confirms 
that the predominant channel leads to S0(X3Z) and 0(23Pj). Figure23 
shows the correlation diagram connecting the states of S + 02 and 
SO + 0. Several surfaces are available for this reaction, with the 
three lower surfaces correlating with ground state S02(X 1 A1 ) and two 
excited states S02(a3B1) and S02(1 1B1). It is not known through 
which channels the reaction proceeds but it must be noted that Clynne 
et ai.34  used the SO2 afterglow to monitor the reactions of 20 with 0 
i.e. 0 and SO undergo chemiluminescent combination. Thus electronically 
excited states of S02  must be produced and it is probable that this 
channel is open in the reverse direction. 
3.3 THE REACTION OF S(Pj) WITH ACETYLENE 
This reaction was studied to provide data for a comparison of 
reactions involving ground state sulphur atoms with those involving 
excited singlet state sulphur atoms and to compare rates of reactions 
of these atoms with olefins and acetylenes. 	The determination of the 
so(x-f) + 0(21 s0 ) 
s(31 D2) + 02(b) 
+ o2 (x31) 
g 
- S(3 1 D2)_+ 
s(3 3P) + 02(________ 
+ 02(xr) •A" 




so(b1z ) + 0(2D) 
SO(a,) + o(21 D2) 
so(x31-) + o(21 D2) 
so(b') + o(23P) 
33A' + 
S(33P) + 02(a2 g) 
s(33P) + O2( . 
Ii 
SO(a.) + O(23 P) 
2 
8 Figure 23. Correlation diagram connecting the states of S + 02 and 30 + 0. 
relative rate for the reaction of S(3 1 D2) with acetylene is described 
in the next section (3.4)  and here the determination of the rate of 
reaction of S(33Pj) with acetylene is described. 	The rate of reaction 
of S(33Pj) with C2H2 has previously been investigated using flash 
photolysis with kinetic mass spectrometry and the unstable addition 
product, C21125 (lifetime '-2s) observed. 3 
a 	* 
S(33Pj) + C2H2 . C2H2S 	 CH2S 	..... I 
b c 
In a separate study, Strausz et ai. 6 have determined Arrhenius para-
meters for addition of S(33Pj) to a range of unsaturated molecules, relative 
to those for addition to ethylene, using end-product analysis techniques. 
In those cases where the primary addition product was unstable, which 
included the acetylenes studied, relative rate parameters were determined 
by the suppression in the yield of episulphide formed in the competing 
reaction. Using the previously reported absolute rate 37 for the 
addition of S(332j) to ethylene at 300K, a value for the absolute rate 
of reaction la may be obtained. This work therefore provides an indepen-
dent check on the data of references 35 and 36. 
Experimental. The apparatus was set up in a similar manner to that 
described in section 3.2 (8 + 	and as described in Chapter 2, apart 
from the following minor modifications. The efficiency of photolysis 
of OCS had decreased due to a deposition on the walls of the flash lamp. 
To overcome the low yield in S atoms the flash energy was raised to 
605 Jand the pressure of OCS in the reaction vessel was raised to 
13.3Nm 2(0.1 Torr). 	The atomic emission lamp was filled with 
199 	of argon, rather than helium, as argon had been found to be more 
efficient as a diluent gas (Appendix I). The microwave power used was 
tba- -maximum ('150 watts) as the C2H2 absorbed in the wavelength region 
that was being used (182.04nm). The slits on the vacuum ultra-violet 
65 
monochromator were reduced to 100 um; following the previous experiments 
(S + 02), the 2000 line/mm grating was replaced by a Jobin-Yvon 1200 line/ 
mm grating which has a lower resolving power. 
A basic mixture of OCS/argon in the ratio 111500 was made up in a 
large bulb. A series of mixtures was made up in which acetylene was added 
to a bulb and the bulb was then filled up to a total pressure of 33.3 k&i 2 , 
with the basic mixture. The ratio OCS/C2H2 was known in each case. This 
mixture was allowed to mix for 2 hOurs and the flash photolysis experiment 
carried out, the attenuation of the 182.0nm line (4330-33P1 ) being 
monitored in the normal fashion. The total pressure in the reaction 
vessel was normally 20kNrff 2 , although a series of experiments was also 
done at 17.3 kNnT2. 
The pressure of OCS and C2112 was known in each case. Each bulb 
contained enough mixture to do two experiments at 20 kNm -2 and one at 
-2 
17.3 kNm • Each time the reaction vessel was filled, the mixture was 
flashed only once and pumped away immediately afterwards to reduce 
deposition of sulphur and other end-products on the walls. The large 
pressure of inert gas ensured that isothermal conditions were maintained. 
The Beer-Lambert exponent (p) was redetermined because the grating and 
slit widths had been changed. More important, the inert gas in the 
atomic emission lamp and the operating conditions had been changed and 
these effect the emission line shape, the resolution of the monochromator 
not being so critical for kinetic spectrophotometry. In this experiment 
the Beer-Lambert exponent was measured by monitoring ln(1 0/I) when half 
of the reaction vessel was blanked off from the photolysis flash. Four 
experiments were done for both full photolysis and half photolysis. 
For every time value between 2 and lOms an average value of ln(1 0/I) was 
obtained. This meant that was determined for varying concentrations 
of sulphur atoms instead of just one concentration. A graph of 
ln(10/I) for full photolysis was plotted against ln(1 0/I) for half 
photolysis (see F±. 24 ). The slope was equal to 2 0  . The Beer-
Lambert factor was determined to be 0,75 0.07 under the conditions 
used. 
Results and Discussion. The signal to noise ratio and first order plots 
were similar to those in the previous experiment (See Fig. 20 (a) and (b) 
and Fig. 21 ). 	The first order rate coefficients determined by plotting 
ln ln(10/I) against time (see Fig'. 25 ) are presented in Table 3 . The 
second order rate constant determined from figure 26 by processing the 
data through a least squares regression and corrected for the non-linear 
Beer-Lambert relation, was determined to be 
kj = (5.0 1 0.5)x1013cm3molecule8 
at 295 K. The quoted error is two standard deviations. The rate of 
reaction was only determined for one value of the total pressure. 
However this was chosen to be close to the high pressure limiting rate. 
(The high pressure limiting rate should certainly lie within the 
experimental uncertainty of the present determination. 8) The 
observation of C2H2S using kinetic mass spectrometry35 further 
substantiates this point. 
The reaction of 0(23Pj) with C2H2 is of considerable importance 
in a number of combustion processes yet only recently have reliable 
rate data for the primary reaction been established.' 	Direct 
monitoring of the atomic reactant using spectroscopic techniques has 
allowed the rate of the primary reaction to be investigated without 
the complications of competing side reactions which arise from the free 
radicals produced following the fragmentation of the addition product. 
The addition of 0(23P) to C 2H2 at high pressures (p > 50MNx 2) or in 
an argon matrix (20K)l1,  leads to the formation of CH2CO and not the 
oxirene which thus indicates the high kinetic and thermodynamic 
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Figure 24. Determination of the Beer-Larabert correction factor 







Figure 25. First order plots for removal of s(3 3P2) in the presence of 
acetylene (C 2H2). P003= 13.3Nm2; QH=  no added acetylene(x ), 
3.3Nnf2( ), 6.65Nrn_2(), 13.Nm 2(0), 26.6Nn72(D); Total pressure 
using argon as diluent gas = 2OkNm 2 
TABLE 3 
a 	b 	 c 
tC2}121/Nm2 k"/s 	
k.t/s 
0.0 320 ± 35 427 ± 60 
1.66 445+36 593±77 
Q8+4 677±88 
303 571 .,. 	54 761 +107 
- 650 + 64 867 +121 
6.65 1050 ± 42 14.00 ±152 
918 t116 1224. ±196 
10.0. 1231 ±24-0 164.1 t345 
14.00 j 34 1867 187 
10.9. 1305 +160 1740 ±209 
134-5 + 62 1793 +197 
13.3:: 1496 ±132 1995 +259 
1866 +166 2488  ±323 
26.6. 264.1 +560 3521 810 
d. 
x. 101 3  /cm3 molecule-' si 
2J 
4.1 ±0.9 
6.1 ..i .6 
4.1 ±1.1. 
5.4. - 4-4.3 
5.9 ±.1 .1 
4.9 ±1,3 
4.9 ti.6 
5.9 ti . 1 




4.7 '.±l .3 
a Accurate to within !3. 
b. Quoted error is 2 standard deviations from first order plot. 
Results not corrected for Beer-Lambert exponent. 
o. Corrected first order rate coefficients, 
d. 	is the value of k' when no acetylene has been added. 
Partial pressure of Cli2/(Nif2) 
Figure 26. Plot of first order rate coefficients (k') against partial pressure of 
1.4 
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worth-while checking the absolute rate of S(33P) with acetylene over a 
range of temperatures to give a better comparison with the results 
from ref-36 . 
3.+ RELATIVE RATE DATA FOR THE REACTIONS OF S(3 1 	USING THE NS RADICAL 
AS A SPECTROSCOPIC i'iARKER 
The reactions of 5(3 1 1)2) with the lower alkanes and alkenes have 
been studied extensively by Strausz and Gunning et al.' 12  and provided 
one of the earliest demonstrations that the chemistry of electronically 
excited states may differ significantly from'that of the ground state. 8 
Quenching of S(3 1D2) by the noble gases , CO, CO21 SF6 	and reaction 
with N20 ' 	and 052 	have also been reported. However no single 
study has been made to bring together rate data for S(3 1 D2 ) with a wide range 
of gases. 
Despite considerable effort, the S(3 1 D2) atom has not yet been 
observed directly, one reason for this boing its extremely reactive 
nature and the consequent low concentrations that may be achieved under 
normal conditions. Indirect methods have therefore been used in previous 
determinations of rates of reaction of S(3 1 D2). The rate of formation 
of 52(a19)  following the reaction - 
S(3D2) + OCS(X1 )—S2(a1 L 9 ) + co(X) 	'••••• I 
has been used to establish a lower limit for this rate constant as k1 
6.7 x 10 11cm3molecules 1 
 25
using curve fitting techniques. By 
observation of the reduction in the yield of S2(a 1 g) when species removing 
S(31 D2) were added, a number of important relaxation and chemical processes 
have been investigated quantitatively 
22
and the relative rate data have 
been presented in tabular form in ref.8. The data are presented as 
lower limits since the rates are all based on the above rate constant 
for the reaction of S(3 1D2 ) with OCS. Reactions with larger molecules 
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are covered in reviews by Strausz.
11-13  
The reaction of S(3 1 D2 ) with N20 yields NS radicals - 
S( 1D2) + N20—NS(X3 TT) + N0(X21T) 	 •... 2 
and these may be readily observed via the intense C 1--X transition at 
230run. 23  The NS radical, which has a half-life of 5ms was thus used 
in this work as a convenient "spectroscopic marker" to study the relative 
reaction rates of electronically excited sulphur atoms with a range of atoms 
and molecules. This technique brings together rate data for S(31 D2) for 
a wide range of gases and should-be more accurate than comparisons based 
on separate studies. 
Experimental. The general layout of the apparatus used has been 
described in Chapter 2 under the heading of Kinetic Spectroscopy (2.5 ) 
and only brief details are given here. The flash lamp and reaction 
vessel, both Im in length and constructed of Vitreosil grade quartz, la' 
parallel and were optically coupled with aluminium foil as a reflector. 
The spectroscopic lamp gave rise to sufficient intensity that only one 
flash was required for quantitative plate photometry above 210nm 
(E = 170 ;Te = 10 , is). The main photolysis flash had an energy output 
of 1000J (lkkV; 10,p.F capacitor) arid e = 20?s. Spectra were recorded 
on a Hilger medium quartz spectrograph, using Kodak Panchro-Royal film 
sensitized for short wavelengths by immersion in a saturated solution of 
sodium salicylate in ethanol. The film was developed for 5 minutes in 
Ilford Contrast FF developer, diluted I + 3, at 294K. 
Gases were handled using . a conventional glass high vacuum line and 
mixtures made up prior to use with a magnetically driven stirrer. 
SF6 gas was used as diluent gas in all experiments and mixtures were made 
up such that the total pressure in the reaction vessel was 6.6504T
2 . 
)k 
This reduced effects due toLpressure broadening of the NS spectrum and 
maintained isothermal conditions. Rate data are quoted for 300K. 
Th. 
Results. 	It has been shown that the reaction of ground state 
sulphur atoms with N20 does not produce NS radicals to any significant 
extent at 300 K.
23  With the apparatus used, the optimum conditions for 
producing the NS radical were found to be P0 = 65 Ii2; N2O = 612 NST 2 . 
Total pressures (made up with SF6) were typically 6.65 kNth 2 and flash 
energies of I000J were used. The NS radical was monitored via the 
(0.0) band in the C—X system at 230nm. The kinetics of the NS radical 
were monitored with no competing gas present and found to reach maximum 
concentration by about 200ys. The concentration remained essentially 
constant for the first 500,ps and had a half-life of 5Ms- 
In the presence of an added gas (N) which reacted with or relaxed 
S(31D2). to the ground state, the yield of NS (measured at a fixed time 
between 200 - 500/s) was reduced. 
• 	S(31D2) + M+NS or 	 ..,,. 3a 
S(33Pj) + N 	 ..... 3b 
The fraction of S(3'D2) yielding NS in the presence of an added gas 
was given by - 
• 	k2 
. [N201 / (k2 [N20] + k3 [M]' + 
which is proportional to the yield of NS ( 	[NB ] 	); 	T is the rate 
of removal of S(3 1D2) by all other reaction channels. Therefore, by keeping 
T and [N20] constant, a plot of the reciprocal of [NSJ 	against00 
produces a straight line, the slope being proportional to k3 /k2 [N291. 
These plots were normalised by plotting INS] 0/ [NB] 	, where [NS]°was coo 	 00 
the NB yield in the absence of added gas (N), and the slope became equal 
to k3 	[120] + T). The Beer-Lambert exponent relating the observed 
optical density change ( L10.D.) at 230 nm to the concentration of NS, was 
determined by comparing the change in optical density for the fully 
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illuminated vessel with that for the reaction vessel only half 
illuminated by the flash. The relationship established (see Fig. 27 ) 
was A O.D.o([NS] 0.67 ± 0.07• Relative NS concentrations were determined 
by raising the observed optical density changes to the power of 1.5. 
Typical densitometer traces showing the reduction in NS as the 
reactant gas (M) was added are shown in figure28 and the resulting Stern-. 
•Volmer plots (i.e. [S]0/[NS 	versus[M]) are shown in figure 29 • The 
slope of the Stern-Voliner plots are given in tabular form in table 4 
together with the relative rates given with respect to the rate of reaction 
of S(3 1D2) with ethylene. The slopes were as usual determined by 
processing the points through a least squares regression. Note that the 
relative rate for reaction of S(3'D2) with acetylene was carried out at 
a different time from the rest of the data. Therefore when the acetylene 
experiment was done the rate was determined relative to that for CO2 
i.e. the CO2 experiment was repeated 19 The ratio obtained was 
k021'2 A c02 = 2.5 
± O.+. - This result has been fitted into table 1. so 
that the rate is given relative to ethylene. 
In the present study of the reaction of S(3 1D2) with acetylene, the CS 
radical was observed via the strong (0,0) band of the A4-X system (258 
No reduction in CS was observed when CO2 was added to the reactant mixture 
in ratios up to 20:1, CO2:C2H2 (which would result in 90% of the S(3 1D2) 
being quenched). Similar results were obtained for a lO 3fold excess of 
nitrogen over acetylene (99% of S(3 1D2) quenched). 32 Thus the reaction 
of S(3 1 D2)with C2H2 did not produce the CS. Excess ethylene was added to 
the reaction mixture to remove S(33P). 31 No decrease in the yield of 
CS was observed. When a mixture of ethylene and OCS, in the presence of 
excess argon, was photolysed a small yield of CS was observed but this was 
negligible in comparison to that produced when acetylene was added. The 
1YOT: . 	The CS radical is also observed if care is not taken to remove traces of 
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Ln Ic/I - half photolysis. 
Figure 27. Plot to determine the Beer-Lambert exponent for the NS 
radical absorption at 230nm. Slope =2i.e./3= 0.67 ± 0.07. 
2 
). NO aided argon. 
7' 
(b). P,= 1.8kNrn_2 
(C.) A? likNrf2. 
ITS (C—. x) transition at 230run. 
I' 
1'igur&28. NS. absorption at 230nni varying with addition of argon to 
quench SOD 2). Pocs 65Nm, PN2O=600Nrf2 , PA,= 0(a) ,i ,8kNm1Iand  11kNm2(c). 








Figure 29- Plot of against the pressure of. added gas U 
Kr (D) 	Ar (0). 
'-I  






Figure 29 Plot of 	O.DJAAQD.L ;gainst the pressure of added as (i 
= C
2H 11 (0), CO (\) 	C2 H 6 (0), ci (0) 
TABLE ii- 
slope/Torr 1 kJ4/krJ2Hif. Cross-section/ 10_16cm2' 
0,14 + 0.02 7.9 + 1.1 x 
1072 
2.5 
0.33 + 0.04. 1.85+ 0.2 x 101 6.7 
1.78 + 0.10 1,0 38.5 
11.2 + 1.1 6.35+ 0,7 x 10 
0.37 + 0.02 2,1 	+ 0.1 x 10 3,0 
0.4.5 + 0.025 2,5 + 0,2 x 10_I 10,3 
1.11 	+ 0.10 + 0.7 x 10 26.6 
0.33 + 0,025 1.85+ 0.2 x 10 7.3 
0,11 	+ 0.01 6.2 + 0.7 x 102 2,4 
o.o16 + 0.0008 9,0 + 0.5 x 10
73 
0.4.1 
0.04.9 + 0.002 2.75+ 0.2 x 10 2 1.4. 













a, Quoted errors are two times the standard deviatior, 
b. These values were calculated assuming the absolute rate for reaction 
of s('D2) with ethylene to be 25 x 10_11  cm3 molecule-' s'1  (ref. 8.). 
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yield of CS in the presence of C 2H2 was found to vary with flash energy. 
Doubling the flush energy resulted in loss than a two-fold increLluo in 





The slopes for the gases He, Ne and SF6 were all zero within the 
experimental error, therefore quenching by these gases is at least one 
order of magnitude less efficient than for argon. The data obtained for 
OCS and N20 are less precise than for the other molecules studied because 
of experimental limitations imposed by the range of partial pressures of 
these gases which could be employed. 	For high partial pressures, both 
OCS and N20 obscured the NS(CX) system and at low partial pressures the 
NS spectrum was too weak to allow the determination of quantitative data. 
Despite these limitations, approximate data were obtained using the 
following technique. 
The slope of the Stern-Volmer plot is related to the rate 
coefficientfor the gas M by - 
Ic3 = slope (k2 [N 20] + T) 
The largest part of T generally consists of the removal of S(3 1 D2 ) 
by OCS (reaction 1). 	Thus - 
Ic3 = slope (k2 [N 20] + k1 [ocs] ) 
where Ic1 = k005 ; k = kN2O ; k 3 = kM 
The above expression rearranges to give - 
oCS slope = 	[] + kN2o [N2o])/ kM 
= kOCS [ocs] + kN20 [20] 
kM 
A graph of the reciprocals of the slopes of Stern-Volmer plots, (where 'M 
is always the same gas and the N20 pressure is different for each Stern-
Volmer plot) plotted against [N 20] gives kocs  [ocs] as the 
intercept and kN2O/kl as the slope. 	In order to obtain kN20 and 
as functions of k14 further experiments were carried out using varying 
partial pressures of N 20 but otherwise leaving the technique unchanged. 
The gas (M) added was in this case argon. Stern-Volmer slopes were 
measured for argon for three different partial pressures of N 20 (see 
figu.re.30). This gave the rates of removal of 5( 1 D2) by OCS 
and N20 with respect to argon. The results obtained from this 
experiment were kN2o/ kAr = 2.1 0.9 and k00 / 1Ar = 106 10. 
Unfortunately the ratios of N 20 : OCS which could be used were limited 
by the fact that below the ratio 5:1 the NS absorption line became too 
weak to measure. 	Above 15:1 the amount of argon necessary to cause 
significant reduction in NS absorption caused extensive pressure 
broadening of the absorption band. 
The data are presented in table ). , relative to the rate of removal 
of S(3 1D2 ) by ethylene. The relative data can be given absolute values 
(as a lower limit) if the lower limit for the rate of reaction of 
S(3 1D2) with ethylene (kC2H >, 2.5 x 10 
in 	
1S 1 ) presented 
reference 8 is accepted. 
The spectroscopic marker technique is valid provided the marker 
does not undergo rapid reaction with the added gases (or their reaction 
products). 	The only species which produced any type of reaction was 
oxygen (2). When this was added the NS radical decayed significantly 
faster than usual; this was probably due to the reaction 
0 + NS—N0 + S 	 S.... L. 
Oxygen atoms are produced by the rapid reaction between S(3 3Pj) and 02 
(see section 3.2). 	The ground state sulphur atoms are produced both in 
the primary photochemical process, and from quenching of .S(3 1 D2 ) by N20 











Partial pressure of N 20 / Nnf2. 
Figure 30 • Plot of the reciprocals of the 	Stern-Volmer slopes 
versus the partial pressure of N20. 
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radical would be expected to undergo a pseudo first order decay, which 
was in fact observed. The rate of decay was also first order with 
respect to the relative concentration of atomic oxygen. Unfortunately 
the absolute concentration of ground state oxygen atom could not be 
determined and only an approximate value for k4("2 x '10 - 11 cm3molecule S 1 
was obtained. This is probably correct to within a factor of two. The 
SO radical was observed in absorption in the Bf-X system but the bands 
were too weak for quantitative measurement. 
Discussion. Approximate values for quenching of S(3 1 D2) by the noble 
gases He, Ar and Xe have been given previously' 8, 9• The present 
results are in reasonable agreement with those results and give a 
considerable improvement in precision. Relaxation of S(31 D2 ) and 
S(31 S0) show a parallel pattern of behaviour to that for the analogous 
states of the oxygen atom. The mechanism for quenching has been 
discussed previously and the spin orbit coupling induced by the heavier 
noble gases in the region of crossing of the potential surfaces has been 
22,8 considered 	• The present results show that Xe is the most efficient 
quencher, as with 0(2 1D2), and thus spin orbit 
optimum for xenon. Unfortunately no spectro 
for diatomic sulphur-noble gas species and it. 
that the potential curves for these molecules 
for similar species involving oxygen atoms. 
suggest that this is the case. 
coupling is again at an 
copic data are. available 
has only been surmised 
are similar to those found 
The kinetic evidence does 
The quenching of the Group VI ( 1 D2) state atoms by the noble gases 
is discussed further in Chapter 5 where data on the quenching of 
Se(4ID2) are presented. 
Quenching by the diatomic species N2, CO and NO was found to be 
very efficient, in agreement with the analogous results for 0(2 1 1)2 ). 
CO wasmore efficient relative to N2, with which it is isoelectronic. 
This is unlikely to be due to any difference in the strength of spin 
orbit coupling. More probably, the bond strength for the lowest 
singlet state of SCO (i.e. the ground state) is greater than that for 
SNN and therefore the collision conipJc will survive a larger number of 
vibrations before redissociating. The SCO collision complex will 
therefore have a greater probability of undergoing a non-adiabatic 
transition in the region where the singlet and triplet surfaces cross. 
However, it should be noted that the lifetime of the SCO collision 
complex is too short for significant stabilization to occur under the 
conditions of the experiment carried out here. Breckenridge and 
Taube 	were unable to detect 18 	when S(3 1  D2) atoms were produced 
in the presence of .18  OC under similar conditions. The high efficiency 
for relaxation of 5(311)2) by NO parallels the efficiency for relaxation 
of 0(21D2) and has been discussed in terms of the high probability of 
crossing between the numerous doublet surfaces on which collision 
between 3P and 1 D atoms, with NO(X2 7T) occur (ref. 8, Fig.11). 
Relaxation of S(3 1 D2 ) by CO2 is not significantly more efficient than 
relaxation by CO, which is contrary to the generally reported situation 
for 0(2D2). A significantly weaker bond for SCO2 relative to CO3 would 
be in accord with the failure to observe SCO2 using matrix isolation 
techniques and might account for the lower efficiency for quenching 
s(31 D2). 
Reaction (and relaxation) of 3(3 1 D2) by hydrogen (H2) is efficient 
and the reaction can be understood in terms of the potential surfaces 
available for reaction. The analogous reaction with 0(21 D2) has been 
explained in terms of correlation diagrams (Fig.10, ref.8). , The approach 
of a D2 atom to H2 occurs as five potential surfaces (3 1A' + 21A*), the 
lowest of the 1 A' surfaces correlating with ground state H20, and should 
allow the approaching 1D atom to "insert" into the H - H band, forming a 
vibrationally hot H20 molecule. Once the vibrationally hot H20 is formed 
it may dissociate to the products OH(X2 7T) + H(1 2S7), which is in accord 
with spectroscopic observations. 	Reaction with S( 1D2) is expected to be 
similar as the thermochemistry is sufficiently similar to give the same 
overall picture and will give the products HS(X2 1T) and H(1 2S.) in an 
exothermic reaction. 	 - 
Sulphur atoms in the (3 1D2) state are known to react rapidly with 
alkanes, yielding mercaptaas in a concerted, single step, insertive 
attack on the C - H bond. Stransz 13 shows that indiscriminate attack 
on C - H bands occurs in the gas phase and parallel to insertion, 
deactivation of the excited sulphur atom also occurs. 
s(3 1D2) + R - H - R - SH 	 ..... a 
•-5 S(332j) + R.H* 	 ..... b 
The ratio of b/a is dependent on the e.xcess translational energy of 
the sulphur atoms, insertion being more probable relative to deactivation 
with increasing translational energy, hence with decreasing wavelength of 
the exciting radiation. Insertion into the C - H band may be considered 
in a manner similar to that for insertion into the H - H band, and the 
same pattern of behaviour is expected. This is confirmed by the 
experimental fact that attack is indiscriminate of C - H bond order and 
exhibits no measur'a.ble kinetic isotope effect. The large enthalpy 
increase resulting from net bond formation after insertion is of the 
order 335 - 378 kJand is sufficient to bring about isomerization or 
fragmentation of the chemically activated thiol molecule if the internal 
degrees of freedom in the molecule are inadequate to ensure a long enough 
lifetime for the collisional removal of this excess energy. 13 The rate 
constant for the insertion reaction with methane is reported to be the 
same or slightly higher than the higher alkanes, but the collisional 
0( 
relaxation efficiency of methane is lower than the other alkanes. This 
explains the greater overall rate for ethane compared to methane. In 
40 	 I the liquid phase Gollnick et al. have shown that reaction of S(3 D2 ) 
with alkanes is sensitive to bond order. Ground state atoms are 
generally inert with respect to reaction with alkanes up to at least 
500 K. 13 
Ethylene was found to be the most efficient species for removing 
S(3 1 D2) It should be noted that if the present relative data are 
considered together with the lower limit for the absolute rate of 
reaction with OCS, 8 then S(3 1 P2) is removed by ethylene at almost every 
collision ( (. k collisions). The reactions of sulphur atoms, both in 
the ground state (33Pj) and excited state (31D2) have been extensively 
studied. 13  Ground state sulphur atoms react with olefins via a stereo-
specific path resulting in formation of the corresponding episuiphide 
as the only principal product and in fact this appears to be the only known 
example of a stereospecific path of a divalent triplet state reagent. 13 
Olefins can be used to scavenge sulphur atoms and in the addition reactions 
of ground.state sulphur a definite electrophilic character is shown by the 
sulphur atoms. Increasing alkyl substitution on the doubly bonded carbon 
atom of the olefin has a gradual diminishing effect, while substitution 
of electron-withdrawing groups has an increasing effect on the activation 
energy. 13 
Excited (3 1 D2) state sulphur atoms, in addition to episulphide forma-
tion, give insertion type products - vinylic and alkenyl thiols. Product 
distribution for various olefins are given in ref. 13. The mechanism of 
the vinylic-type thiol formation has not yet been established. They form 
only with terminal olefins. It is possible that they form by two 
independent paths; direct insertion and pressure independent isomerization 
of the hot initial episulphide adduct. 
CH? - CH2* -3 CH = CHSH 
The feasibility of the latter reaction has been demonstrated in the 
13 
thermal decomposition of ethylene episuiphide at elevated temperatures. 
Addition of either triplet (33Pj) or singlet (3 1D2) state sulphur 
atoms to acetylenes produces the elusive, labile thiirenes, a family of 
unsaturated episulphides. In the present work the CS radical was observed 
.via the strong (0,0) band of the AX system at 258nm, following the 
flash photolysis of OCS 	in the presence of acetylene. This 
observation has been made previously in a study of the reaction of 
S(3 1D2) with acetylene using kinetic absorption spectroscopy in the ultra- 
47 
violet. 	Formation of CS was attributed to fragmentation following 
insertion into the triple bond. 	- 
S(3 1  D2) + C2H2  ._4 C2H2S* 
C2H2S* 	—4 SH + CHS* 
CHS* 	__4 CS+H 
However the most reliable thermochemical data suggest that fragmentation 
to yield CS is endothermic.35 An alternative fragmentation process - 
C2H25* 	.._ 	CH + CS 
also appears to be endothermic. 35 The uncertainties in the thermochemical. 
data make it difficult to exclude reaction d entirely. 
In the present work, when excess CO2 or N 2 was added to quench 
S(3 1 D2 ) to the ground state the CS was unaffected. Thus only if 
s(3 1 D2) and S(33P) reacted with C2H2 to produce CS could the previously 
proposed mechanism be substantiated. As the production of CS from the 
reaction of S(33Pj) + C2H2 is strongly Endothermic it was concluded that 
CS was not produced by the direct reaction of sulphur atoms with 
acetylene. Furthermore when excess ethylene was added to the mixture, in 
31,37 order to remove (-'P), 	no decrease in the yield of CS was 
observed. With a mixture of ethylene and OCS alone, a small yield of CS 
was cbserved but this was negligible in comparison .to that produced when 
acetylene was added. The variation in the yield of CS in the presence 
Of C2H2, when the flash energy was changed, could be explained by strong 
absorption by the species giving rise to CS, such that non-uniform light 
absorption across the reaction vessel occurred. Acetylene is known to 
be a strong absorber for X'(200nm and it is concluded that the most 
likely source of CS is the reaction of the photoexcited acetylene (or a 
photolysis fragment) with OCS. In view of the complexities of such 
reactions they were not investigated further. 
The thiirenes produced by reaction of S atoms with acetylene have 
been detected by flash photolysis - kinetic mass spectrometric techniques 
and shown to have half-lives of the order of a tenth to several seconds 
at room temperature. They are highly reactive, reacting readily with 
acetylene to give thiophenes and solid polymeric products. 13 As with 
olefins the addition of sulphur atoms to acetylenes is also a distinctly 
electrophilic process and the pre-exponential factors are characteristically 
higher than for olefins. The data for acetylene presented here agree. 
with the above observations in that reaction with acetylene is slower 
than for ethylene. 
Thus it would appear to be a general rule that the rates of atomic 
reactions with triple carbon bonds are slower than those with double bonds. 
The data obtained for quenching and reaction with OCS and N.O are 
rather imprecise using the present technique, due to problems associated 
with varying the partial pressure of N20 over a significant range. 
Reaction with tb molecules has been examined using kinetic spectroscopy 
in the vacuum ultra-violet, where it has been possible to examine the 
relative rates into the various possible reaction channels. 22, 23,  24 
The high rate for the reaction - 
S(31 D2 ) + OCS - S2(a1 	or b g 	1E) + CO 
has been previously discussed in terms of the potential surfaces 
available for reaction. 25 A diagram showing a two dimensional representa-
tion of the surfaces is shown in figure 35 (page kI 6 ) and accompanies a 
discussion on the reaction of Se(4 1 D2) with OCSe. 
Further work is required in t.vacuum ultra-violet to determine 
relative rates into the various possible channels for S(3 1 D2) with 
the alkanes and alkenes. Ratios for reaction to quenching are given in r 
table 	as far as are known. The direct determination of absolute rate 
1 data for reactions involving S(3D2) remains a challenging prospect. 
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DIATONIC SULPHUR 
4. 1 	INTRODiCTION 
During this work brief studies were made of the kinetics, of diatomic 
sulphur both in the ground state and the first excited state. 	Further work 
was also carried out by Hiss L. Brown in this Department and will be 
discussed in the relevant sections, 50 
The electronic configuration of the Group VI diatomics is 
(Pcr 	(plru ) k (Plyg *) 2 which gives rise to three electronic 
states 32I 	g and 	of which Z is the ground state and the 
optically metastable singlets lie 55kJ and '1O1kJrespectively above the 
triplet level. 	The singlet states of oxygen have received much 
attention in the past 51 whereas the analogous states of sulphur have 
been rather neglected. 	The first excited singlet state 	has been 
detected following the flash photolysis of a number of compounds 52, 53 
although it is not as well characterised spectroscopically as 02(a), 
1 and virtually nothing is known about the chemistry. 	The S2( 9
) state 
has been observed in absorption via the ( b1- a1 ) system, as a progres-
sion of nine bands in the region 234-252nm.52 The spectrum is very short 
lived and follows the photolysis flash profile closely. 	The mechanism 
for production of 	from the photolysis of OCS is now well 
established 25  and is:- 
OCS + h'-S(31 D2 ) + Co 	 ..... i 
S(31D2) + ocs452(al Ag ) + CO 	 ..... 2 
2S(33Pj ) + N -'S2(a) 	 ..... 3 
-3s2(x3Z') 	 ..... 
s2(a4 9
) + N-S2(x3) 	
S.... 5 
Recombination of ground state atoms is a minor path to production of 
S2(a1tig) and is only important in some special cases (e.g. excess 
002; M = 002), 
The radiative lifetime of S2( 1 g) is expected to be of the same 
order of magnitude as that of 02(a 1L 9 ) (' -' 45min.), therefore its short 
lifetime must be attributed to fast collisional deactivation to the 
()c3E ) ground state, whose spectrum can also be observed very close to 
the S2(1Lg) spectrum via the (B3 X32'9) system. The mechanism for the 
decay of S2(a 1 g) was therefore investigated and the results are described 
in this section. 
Experimental The apparatus used in this investigation has been described 
in Chapter 2 under the heading "Kinetic Spectroscopy" (2.5). Initially a 
Im system comprising of quartz flash lamp and reaction vessel was used. 
For later studies an 0.5m concentric flash lamp and reaction vessel made 
from spectrosil was used, thus allowing photolysis down toA'160nm. The 
S20,6 g) was monitored using the (ii,o) 242.6nm, (12,0) 240.5nin, (13.0) 
and (ik,o) bands of the (b ILta149) transition and the ground state 
S2(X3Eg) was monitored via the (13,0) band (271.2nm) of the (B3ZttX 3E g ) 
transition. This band gave absolute concentrations using the extinction 
coefficient measured by Gaydon et al.54 With the mm system only one 
exposure was made in each experiment and the photolysis energy used was 
I000J. With the concentric 0.5m system the energy used was either 
320Jor 720J. 
Results and Discussion 'When OCS is photolysed atA>200nm, the main 
product is S(3 1 D2) which then reacts with OCS to give S2( 1L g ). 25 Three 
kinetic studies were made of the photolysis of OCS. Experiments were 
done using 66.5Nttr 2 and 2661im 2 of OCS made up to a total pressure of 
6.65k1N'nr 2 using SF6 and one experiment was done using 266n 2 of OCS on 
its own. 	The absorption intensities were too weak for quantitative 
results but figure 31 shows approximately the kinetics followed in 
these three experiments. The shape of the graphs were similar in 
appearance to those observed in reference 25. The 66.5Niir2 OCS + SF6 
produced the highest s2( 1L g) concentration with a maximum at 20)is. 
From figure 31 it can be seen that production of S2(L g) closely 
followed the flash and decayed with a half-life of 2915. With 
266Nm 2  OCs + SF6 the S206g) followed the flash profile more closely, 
had a lower maximum concentration at 13).s and a half-life of only —10P. 
Production of S2( 3 ) was faster in the latter experiment and it was 
concluded that OCS is an efficient quencher of S2(Zg). 
When no diluent gas was present (Pocs = 266Nnr2). the S206 g) 
spectrum was very weak and appeared to have a maximum at 30j8. 
However a reduction in the pressure broadening of the absorption bands 
must be taken into account and also the fact that the higher vibrational 
levels were seen to be populated. Vibrational relaxation down to the 
bands being monitored would account for the delayed appearance of the 
maximum. 
An attempt was made to fit the decay of S2( 1 g) to a first and 
second order plot but within experimental error both gave a reasonable 
straight line. Although a simple first order decay may be operative 1 
S2(a 9) + Ns2 (x3 	) +M 	 ..... 5 
there is a possibility of second order decay via some sort of S.-S 2 
complex, analogous to the co-operative optical transition in the oxygen 
dimer. 55 
s2(a1 ,6 9 ) + S2(a1L 9),'S.4S(X3E ) + s2(x3 ) + hV 	6 
It was hoped that it would be possible to distinguish between these 




























10 	20 	30 	4.0 	50 	60 	70 
time/us 
Figure 31. Plot of S 20 9)(circ1es 	 's) 0) and S2 
(32-) 	- 
versus time following the photolysis of OCS. 	- P0566,5Nm2, 'total 
6.65kMm 2  (ø,) 	Thcs=266Ni2 ,Ptot 	6.65kNth2; (o,)  - Pyj= 266Ni 2 : 
fti1un1 	usd ws 
More recent work5° using the concentric spectrosil reaction vessel 
and flashJamp was designed to produce more S( 1D2) and thus S2( 1L9) than 
in the previous experiment and so allow more accurate kinetic studies. 
However, photolysis of OCS with pressures ranging from 1 33-2000Nnr2 with 
a diluent gas pressure from 10.6-66.5kIb72 did not give S2(a 1Lg) 
absorption bands of the expected increased intensity. The ground state 
bands had dramatically increased in intensity indicating that photolysis 
had increased. The reason for this low intensity was not investigated 
fully but it is possible that the extra range of energy did not produce 
much more S(3 1D2 ) but produced quantities of the next singlet state of 
sulphur, S(31S0). 	This is known to be about seven times less reactive 
than S(31D2) 8 and may gire S2(E) on reaction with OCS. 
The low intensity of the 82(a1Ll g) absorption bands made it necessary 
to use increased pressures of OCS, high total gas pressures to prevent 
temperature rises and high flash energies (720J) to increase the degree of 
photolysis. Because of increased absorption by OCS double exposures were 
required to obtain adequate plate density. The high intensity of the 
ground state 32(x3E) bands overlapping the singlet bands reduced the 
accuracy at longer delays. Again plots of relative S2( 1L9) concentrations 
could not be assigned to first or second order plots, the two being 
indistinguishable. 
Measurement of S2(a1i g) decay was carried out indirectly by 
monitoring S2(X3 ) formation at short delay times. 
based on the mechanism;- 
S2(a1 L g) + M 	 —3S2(X3 2) + 14 
or 	S2(a1L g) + S2(a 1€9) 	2S2(X3.) 
S(33p) + S(33P) + M 	._ s2(xZ-) + H 
s2(xE-) + s2 (x3 ) + M— Si + N 
S(3P) i- Sif 	 - s2(x3 ) + 53 
S(33P) + S3 	 - 2S2(X3Z) 







where reactions 6 and 9 have recently been proposed
.56 
 to account for 
the initially slow decay rate of S2(X3E) and are only important at longer 
delay times. Reactions 8 and 9 were not taken into account in 
calculations done in which the S2( 312 ) produced was related by integrated 
rate expressions to the rate constant k 5 in a first order calculation, and 
to k6 for a second order calculation. 	The integrals were evaluated 
graphically and for a first order decay the result obtained was:- 
k5 = ( 7.2 + 2.6) x 13 	-1 
k6 = 4.8 - 1.7 x 10-12  cm3  molecule _1s_1 50 
These results apply to 399  Am of OCS and 6.5 kim of He or Ar and are to 
be compared to the result obtained by Fowles et al. 57 for the decay of 
excited S2 in 930 	of pure OCS of k5 = 1.2 + 0.2 x 10 s. 	The result 
for kk / [14] = 2.9 + 1.0 x 10_31 cm6moiecuie  _2_1 obtained in this 
calculation disagrees with Olaershaw s value 	(-1 x 10
-29 
 cm molecule s i. 
Estimated results for a pure second order decay gave 
+-12 6 	-2-1 k6 = 1.1 _0. x 10 cm molecule 	s 
When oxygen was added to an OCS + SF6 mixture, where OCS = 399 2 ; 
02 = 100-1200 Nm 2 and total pressure was +kNxi 2, no spectrum of S0(a 1Zl ) 
was observed, and only So(X3 ) was observed as a transient, decaying 
after about 100ps. Correlation diagrams predict that reaction of 
o2 (X3 ) with S(3 1 D2 ) should yield S0(b 1 ') or perhaps 50(a 1 ): if the 
surface leading to 30(b 1 E + ) possesses an appreciable activation energy, non-
adiabatic transitions to the surface yielding S0(a 1 ) might occur. 8 
02 (x3 ) + s 	(3 1D2)O(23Pj) + so(b 1Z) 	..... 10 
	
or SO (a 	) 
Observations of S0(b) in discharged mixtures of OCS + 02 supports the 
first prediction. 	The reaction of ground state oxygen atoms 0(23P) 
with S2 (a 1 ) is predicted to give SO(a 1 ). 
0(23P) + 	 + s( 3P) 	 ..... ii 
Unexpectedly the 52(a 1 g) spectrum was more intense than before and 
appeared to live longer. 	No b2(JE
9
) (ground state) was observed except 
at low 02  pressures and short delay times. 	Insufficient work was carried 
out to fully elucidate the mechanism but the following mechanism would 
appear to explain some of the facts. 
The reaction of 02(X3E) with S(33Pj ) is known to be fast (see 
section 3.2) - 
02 (x3 ) +s(33P) —* so(x3 ) +O(23P) 	 ..... 12 
and produces sO(X3 ) and O(23 P) as indicated. This would explain 
the observation of SO(X3Z) and the absence of S2(X3 ) which would be 
removed by the fast reaction - 
0(23P) + S2(x3 ) - s2PJ.) + so(x3 ) 	 ..... 13 
An explanation of why the S2(a
9) intensity was enhanced is not so 
clear and requires a mechanism in which a quencher of S2(1,6g)  is removed 
or a mechanism producing S2(9) or S(3 1D2 ). 	S(3 
1 D2 )could be produced 
from rapid relaxation of S(3 SO)by 02(X3E) by non-adiabatic 
transitions. 
s(3 1 s0 ) + o2 (x3 )—(3 1D2 ) +O2(b 1E) 	..... ik 
From correlation diarams S2 ( L ) is predicted to react with 
O(3P) to give SO( g) (reaction ii), however the reaction appears to be 
slow, or else o(½) atoms are rapidly removed from the system (e.g. by 
reaction 13). 	Reactions such as - 
0 + OCS -4 So + Co 
0 + SO -3  SO2 or S + 02 
0 + Co + M-4CO2 + N 
are too slow to be considered important. 
0. 
However in the end, few conclusions can be drawn from these 
results and this system presents a potentially interesting problem. 
More work needs to be done on the excited states. of diatomic sulphur. 
A study of S2(a1Lg) would be facilitated by production of S(3 1 D2 ) in 
large quantities or by increasing the sensitivity of the equipment. If 
S(31 D2) could be observed directly this would allow easier access to the 
various mechanisms proposed above. 
CHAPTER 5 	 a 
ATOMIC SELENIUM 
5.1 	This chapter describes work done on the kinetics of Se(4 1 D2) atoms 
following the photolysis of OCSe(X>190nin). The rate of removal of 
Se(k1 D2 ) has been studied in the presence of He, Ne, Ar, Kr, Xe, 1122 1)2, 
N2, 02,  CO3  516  and OCSe. These results are of interest as few direct 
observations have previously been made on the kinetics of group VI 
1 D2 state atoms, The kinetics of 0(2 1 1)2 ) have been widely studied and have 
recently been observed using time resolved atomic absorption spectroscopy. 8 ' 
Direct observations on Te(5 1 D2) are reported in Chapter 6 of this thesis 
but the kinetic data are sparse. A large amount of relative rate data 
has been presented for the kinetics of S(3 1 D2),8 the most recent results 
being presented in Chapter 3 of this thesis. Before describing the work 
done on the kinetics of Se(+ 1 D2), the known reactions of atomic selenium 
will be reviewed briefly.. 
Se(Li.1SO ) has been observed directly via the first resonance 
transition at 199.5nxn,  following flash photolysis of OCSe. 	This state 
decayed so rapidly that quantitative kinetic measurements could not be made 
using kinetic spectroscopy. 0 
Under similar conditions Se(4 1 D2) was not observed. This is 
compatible with this state being more reactive than the 	state. 
Indirect evidence that Se(4 1 D2 ) is produced in the ultra-violet 
photolysis of OCSe has been obtained from two sources. Firstly time 
resolved studies using flash photolysis coupled with mass spectrometric 
analysis showed the formation of selenoinercaptans in the presence of 
propane, cyclobutane, ethane and isobutane.61 Secondly, observations 
using kinetic absorption spectroscopy show only a weak Se(4 3Pj ) spectrum 
while .Se2 (X3E) has a strong spectrum at short delay times 
100 
(2O-200)xs) 60-62 These observations are comparible with the scheme pre.-
ously proposed for the reaction of S(3 1D2) with OCS, viz: 
OCSe + h) 	—3 00 + Se(+1D2 ) 	 ••••, I 
Se(41D2) + 0CSeCO + Se2(ai1
9) 	 •••• 2 
Se2(a169) + H - se2(XZ) + N 	 ..... 3 
The rapid appearance of Se2(X3 ) and the failure to observe 
Se2(a1 L g) in absorption, suggest that reaction 3 is rapid (possibly 
involving both radiative and collisional processes). In the presence 
Of 002, two maxima were observed in the graph of Ise2(X32;3' versus 
time 60  suggesting the additional reactions - 
Se(k1D2 ) + H —4 Se(k3Pj) + N 	 •.... k 
2Se(43Pj) + N 	2 + H 	 •,..* 5 
or Se(k3Pj) + OCSe4 Se2 + CO 	 •.... 6 
The second maximum occurred at 250,i.s which is consistent with the 
efficient terrnolecular formation of Se2o No quantitative data on 
Se(k1 D2) were given but results indicated that SF6 and He were inefficient 
at relaxing this state while CO 2 was efficient.' 61 
Photolysis of OCSe in the presence of 0 2  gave Se02; SeO was not 
observed in flash photolysis experiments as reaction leading to SeQ is 
endothermic. 8 
Se(43P) has been studied by Callear and Tyerzan 63, 64 and they 
report a non-Boltzmann distribution in the spin-orbit multiplets of 
Se(43P) (J = 1, 1990c; J= 0, 2534c) following flash photolysis of 
CSe2, Spin-orbit relaxation of Se(k3P0), on collision with various 
partners, has been investigated by these authors. 6 	The energy distributioi 
in the quenching molecule was not observed, however specific quenching 
processes have been proposed based on the assumption that "resonant" 
processes are dominant (ref. 9, table 22). 
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Following the addition of a large excess of nitrogen to the CSe 2 A 
system, to ensure that a Boltzmann distribution (300 K)between the J 
states is maintained, kinetic studies have been made of the addition 
of Se(43P) to a number of olefins. 
66, 67 The resulting data can be 
found in recent reviews. 9 The activation energy for the addition 
reaction was found to correlate with the ionization potential of the 
olefiiis, indicating polarization in the transition state complex. 
67 
Unfortunately no distinction was made between the relative rates for 
the various spin-orbit multiplets. 
5. Results During the present investigations several attempts were made 
to monitor Se(Lf1D2)  atoms before success was finally achieved. Initially 
a selenium atomic emission lamp was made up as described in section 2.7. 
The output from this lamp (described in Appendix I) contained emission 
lines associated with all the states produced from the ground state 
configuration of atomic selenium. Photolysis of H2Se was initially examined 
using the technique of kinetic spectrophotometry0 A comprehensive search, 
varying both the B2Se and diluent gas (argon or helium) pressures 
indicated that only the ground state Se(4 3P2) could be observed (scattered 
light from the flash prevented observation at times less than 100 )xa). 
The half-life of this species was between 600 - 1000,jis depending on the 
pressure of H2Se (90 - 106 N62). Because of the lack of success using 
photoelectric detection, the same system was re-examined using a 
conventional kinetic spectroscopy apparatus (see figure 2). The 
reaction vessel was 1 metre in length, being twice the length of the one 
used previously, and the observations could now be made at much shorter 
delay times. Absorption by atomic selenium was not observed, but at 
'-' 700ys Se 2 could be seen, indicating that some photolysis had taken 
place. 
KUM 
At this point a small sample of OCSe became available. This molecule 
potentially a better source of Se atoms, especially the (4 1D2) state, when 
photolysed in the ultra-violet. The reasons for choosing this molecule 
are similar to those put forward in Chapter 3 for using OCS as a source 
of sulphur atoms. The initial experiments using kinetic spectrophoto-
metry were successful and indicated that Se(41 D2), (43P0) and (43P2) 
states could be observed (see Appendix I). At POCSe = 0.35 
He = 350 N12, Se (41 D2) was observed via the transition at 185.8nmand 
- 	 -2 had a half-life of "150)1S. At OCSe = 2.5Nni '; PH = 2.5kNm , 
Se(k3P) was observed very weakly via the transition at 206.3nm (see 
Appendix I) and had a half-life of"-200js. The ground state 
Se( 143P2) was observed strongly via the transition at 196.1 nmand had a 
half-life of 800)1s for POCSe = 6.7Ni2; He = 6.65kNi 2, and was 
observed much more weakly but with a half-life of ''2300,s for POCSe = 
2.7 	 = 2.7 kN 2. Experiments indicated that about 10% of the 
OCSe was removed per flash (E = 500 J), and that the rate of removal of 
the ground state Se ( 3P2) was sensitive to either OCSe pressure or to 
the helium pressure. Unfortunately time was limited and no further 
investigations were carried out on the (43P) states of atomic selenium. 
A more detailed investigation of the photolysis of OCSe, and of the pro-
perties of the various states produced, is clearly desirable. 
Se(k'D2) could only be seen at very low pressures of OCSe(40.35Ni 2), 
thus indicating that removal by the parent molecule is efficient. 
Because the lifetime of Se(4 D2) was so short, attempts were made to 
reduce the "dead time" caused by scattered light from the photolysis 
flash. The slits on the monochroznator were reduced to 75)im in order 
to reduce the scattered light. Photolysis was limited toX)190nm 
(vitreosil grade quartz flaahlamp) and energies of SOOJ were used. 
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Because low pressures of OCSe had to be used, the signal to noise ratio 
was rather poor and in fact proved to be the limiting factor in this 
series of experiments. A compromise was reached between signal to noise 
ratio and longevity of the signal by using POCSe = 0.027Nn 2. The 
diluent gas used (helium) also quenched Se(4D2) and therefore as little 
as possible was used. At 133 Ni 2 (1 Torr) and below, diffusion effects 
became noticeable thus increasing the rate of decay. Thus mixtures with 
diluent gas to OCSe ratios of io:i were made up and 266 MT2  (2 Torr) 
aliquots used, although some latitude in POCSe  was possible. 
In all the experiments the transition at 185.8 urn (4 1 D2 1D) was 
used as it was of similar intensity to the higher wavelength transitions 
and scattered light intensity was less at shorter wavelengths. 
In order to measure the small quantities of materials used, 
considerable use was made of sharing ratios (errors of between 10 - 20% 
at the lowest pressures used). Four mixtures were made up simultaneously 
in four identical bulbs attached via a single manifold to the vacuum 
line. This ensured uniformity of OCSe pressure in any one series of 
four experiments. Precautions had to be taken to protect OCSe from 
exposure to strong light and to keep water out of the vacuum system as 
the OCSe was readily hydrolysed. Pressures were measured using an 
Edwards type CO3 Capsule Gauge which was accurate to 1 13.3 N 2 (0.1 Torr). 
At the lowest pressures used this incurred errors of-10%. 
In these experiments ordinary cyclinder grade helium (B.0.C.) was 
used as the diluent gas for most runs. This was dried by passage through 
Liquid nitrogen traps before being used. A mass spectrometric analysis 
showed the presence of some 02 and N2 and this was also indicated by a 
slightly faster decay of Se(k'D2) when this helium was used, compared to 
pure X-grade helium (B.0.C.). Since both grades of helium were used in 
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these experiments, specific references to the grade used will be made, 
Using the terms He(0) and He(X) for "ordinary" and'(-grade" helium 
respectively. Because of the poor signal to noise (SIN) ratio the 
experiments were repeated several times and the results averaged. This 
compensated to a limited extent for not having signal averaging facilities. 
The poor SIN ratio and fast decay combined with the lOOps dead time due to 
scattered light limited the range of added gas pressures which could be 
used. 
First order plots were obtained by plotting mm I/I against time. 
Some typical traces are shown in figure 32. The traces were "digitised' 
on a Ferranti Freescan X-Y recorder and the best straight lines computed. 
Several traces were done by hand to check computed results. The 
difference was within the scatter normally found between repeat experiments. 
The decay of Se( 1+1 D2), as represented in a first order plot, can be seen 
in figure 33 • The first order rate coefficients (k") obtained from these 
plots had to be corrected to take account of deviations from the Beer-
Lambert relationship, as discussed previously. The correction factor 
was determined in the normal manner and was found to be 0.68 0.08 
(the result of averaging several traces; the error is one standard 
deviation of the distribution about the mean). A full list of the 
corrected first order rate coefficients (k') is given in table 5 
Second order rate coefficients were determined by plotting k' 
against the pressure of added gas (see figure 34). The value of k' 
for no added gas (i.e. diluent gas alone; He(0)) was always included 
and because it was determined from an average of 39 experiments was 
given a heavy weighting in deriving the best least squares fit to the 
data. Usually the intercept was included once for every value of 
added gas pressure used in constructing the plot. 
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Decay of Se(J+1 D2) in the presence of added xenon. 
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FIGURE32. Typical oscilloscope traces for the decay of Se(4 1 D2). 
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Figure 3.Pirst order plots for the removal of Se(4.1D2) in the presence of oxyg 
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Figure 34.Second order plot, for removal of Se(41 D2) in the presence of 
oxygen. POCSe= 2.7xl02Nrif2; PHe=266 Nm2; 
TABLE 5. First order rate coefficients for removal of Se(4.1D2) in the 
presence of various added. gases. 
Mixture 	Pressure of mixture 
i0)/0CSe in reaction vessel! Nm 2 	k/103s 1 	Average of... 
5x1 o /1 133 11 .9e1 	a 
266 12.1*3.0 4 
- 532 15.61.7 4 
104/1 133 10.3*1.3 3 
b 
266 10.6t1.2 39 
532 16.5±1.1 3 
- 1064 16.8±2.7 2 
2x1 04. /l 133 1 1.8±1.3 2 
266 992.0 2 
532 13. 2±2.0 if 
1064. 16.0i3.2 2 
2128 31.6+3.2 2 
He(X)/OCSe 
2x1 O /i 133 II .3±1 .4 2 
266 12.9±1.1 2 
532 18.7±1.3 1 
1064. 14.3j1.3 I 
5x103 /1 133 11.9±0.8 1 
266 17.6±1.6 2 
532 16.9±2.7 1 
1064 1 5.3±1 . 2 1 
a 	Error quoted is standard deviation of distribution about the mean. 
b 	Statistics more meaningful when N(no. of points in distribution) is 
greater than 10. Error is 2 X standard error in the mean. 
c 	High OCSe pressures and low values of N make these results unreliable. 
Mixture Pressure of mixture 
	
ratio 	in reaction vessel/ 	2 
( x) /OCSe 
iou/i 	 133 
2x1 o4- /i 
















Table 5 continued... 
k'/103 s 	Average of... 


















9 X 103/103/1 
8x1 03/2x1 0311 
266 9.4.0,9 	 3 
266 13,4+2.4 	 2 
266 11.0+2.3 	 5 
b. Error is 2 X standard error in the mean. 
Table 5 continued. 
Mixture 	Pressure of mixture 
ratio 	in reaotion vessel/ Nm7l k'/103s 1 Average of... 
He(0)/Ar/QCSe 
10 4 /50/1  266 10.9±2 .7 4 
IC4. /75/I 266 11 .9±1.4 3 
10 4/1  00/1 266: 17.2±2.6 3 
lie(0)/Kr/ OCSe 
10710/1. 266 11.5*2.0 3 
10 /25/1 266 21.8i7,5 4 
V 
 i0/50/1 266 15.71.4 3 
10
4 
 /10/1 266 13.5*5.0 5 
399 13.7±2 . 0 2 
10/25,'i 266 16.33.4 5 
10
4 
 /50/1 266 35.1±13.3 2 
He(0)/SF6/ç.Se 
8x10 3/2x103/1 133 	 . 24.8+3.2 3 
266 60 I 
He(0) 14T2/OCSe 
10/2.2/1 266 	 V 11.2*1,7 6 
399 18.2±3.1 9 
10/3.2/1 266 13 082.8 5 
399 20,4±3,5 7 
10/5.1/1 266 15,12.9 6 
399 20.9± 2 .7 10 
266 21.0+4..8 4 
399 	. V 38.88.3 6 
Table 5 	continued... 
l4ixture 	Pressure of mixture 
ratio 	in reaction vessel/ ft-2  
He (0)/H9/OCSe 








1 0 /7.5/1 266 
399 
10/10/1 266 










 /7-5/1 266 
104/10/1 266 
kt/1 O3s 	Average of.., 
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For He(0), the second order rate coefficient, kHe(0) was obtained 
by averaging the results of three second order plots, each plot having a 
different OCSe pressure. In the same way kJj(X) was obtained from an 
average of six plots. The individual second order rate coefficients for 
He(X) are given in table 6 together with the intercepts of those second 
order plots. These intercepts yield the rate of removal of Se(4 1D2) by 
channels other than quenching by He(X), including reaction with the parent 
molecule (OCSe). A plot of the intercepts versus POCS e gave a second 
order rate coefficient for removal of Se(4 1D2) by OCSe. The result 
obtained from this procedure is included in table 6 • When a plot of 
k' (first order rate coefficient) versus P 0 was drawn using the He(0) 
data (He(0) kept constant), a general upward trend was observable but 
only a limit of k, 3 46 x 10 10cm3molecule 	was derived with an 
estimated result of half this value. When the He(X) results were 
similarly treated the same trend was noted for low OCZe pressures. 
At high OCSe pressures poor results were obtained due to the poor 
SIN ratio and because OCSe absorbs light in the region of 180 nni. 
However these results agree with the value obtained above from the 
intercepts of the He(X) second order plots and verify that OCSe is 
efficient at removing Se(k I 1)2). The above results, plus the results 
obtained for the other gases used in this study, are listed in table 7 
The data are quoted for 293 K. 
53 Discussion: Photolysis of OCSe Previous work on the photolysis of 
oCs( A = 190-269 nm) has established that S(3D2) atoms are produced in the 
primary photochemical step. However it should be emphasised that the 
evidence for production of S(3D2 ) is derived entirely from studies 
involving the products of reactions of this excited state, rather than by 
direct spectroscopic observations. Thus it has not yet proved possible 
TABLE 6. Second-order quenching coefficients for renova]. of Se(4 1 D2) 
in the presence of helium(X). Intercepts indicate the rate of removal 
by other channels including reaction with OCSe. 
0CSepressre/m 2 	k/cm3molecule s 1 .10-14. Intercept/ 
.0067 2.5+3.1 7.5+1 .6 
.oij. 5,6+1.5 9.3+1.2 
.0266 4.,7+1.5 8,4.+2.2 
.0532 3,4+0.9 11,4*2.6 
.1064. 1.3+0,3 1 3.3+1,8 
.2128 0.7+0.3 13.2+2,3 
The average value of kIfe(X)=  3.1+1,8 x 	cm3mo1ecule si 
Plot of intercept vasus pOOSe gives- 
kOCS = 1.1+0.1 x 10 10  cm3molecule1sl 
TABLE 7. Rate data for the removal of Se(4.1 D2) in the presence of 
various added. gases. 
Added ffa-s k/cm molecule Cross-section 1 =2 .10-16  
He(0&X) 3.0±1.8 x 10
-14 - OL 2.3 	x 10 3 
Ne 36 	x iO13 K, 5.7 	x 
Ar 7.O+4.9 x 1012 1.4 
Kr 2 .3±1 . 2  x 10 	
b 
57 
Xe 6.7±3.0 x 10 '  18.6 
SF6 3.3±0.6 
x 10 2 9.4 x 10-1 
H2 2,l to. 8 	10-10 11.7 
7.6±..2 x 10-1 1 59 
N2 1 .7±0.8 x 10710  31,0 
1 . 2± 0.5 x 10710 23.0 
CO 1.4+1.1 x10 1° 25.5 
OCSe 1.1+0.1 x 1010 ° 300 
d. 
<6 	x1O ° <160 
a Error is 2 x standard deviation, unless otherwise indicated. 
b Error is I x standard deviation. 
c Result obtained from plot of intercept from the He(X) second-order 
plots using different pressures of OCSe (see table 6 ), versusF'ocse. 
d Result obtained from norms]. second-order plot of k' versus POCSe. 
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to accurately determine the proportion of atoms produced in the first 
excited state, S(3 1D2), relative to that in the ground state, S(33Pj). 
Current estimates suggest: that the proportion of ground state atoms 
could be as high as 5041. Recent work68 on the photolysis of HNCS, which 
is isovalent with OCS, suggests that sulphur atoms produced in the 
primary photochemical step are almost entirely in the ground electronic 
state. It would be difficult therefore to predict with any certainty 
which electronic state of the So atom is most abundantly produced in 
the ultra-violet photolysis of OCSo. 
As mentioned earlier, production of So(4 1 D2) in the photolysis of 
OCSe was inferred from the production of selenomercaptans in time 
resolved mass spectrometry studies. It must be emphasised, however, 
that as the strength of spin-orbit coupling in the atom increases, so 
the 3p 2 and 1D2 states become increasingly mixed and it is therefore 
possible for 3P2 atoms to undergo reactions normally ascribed to the 
1D2 state, although with a lower probability. Thus only by making 
direct observations on the atomic states can their production and 
reactions be unambiguously investigated, this being particularly the case 
for heavy atoms. 
The present work clearly demonstrates that So(4 1D2) atoms are formed 
in the primary photochemical stop following ultra-violet photolysis of 
OCSe. Furthermore the yield of Se(43P2) atoms is low although 
Se(43P0) and possibly Se(43P1 ) are formed in the primary process. The 
latter two states are known to be optically and collisionn 11y metastable 
and will thus decay slowly to the 3p2 state or react with OCSe. Thus a 
detailed study of the spin-orbit components of the 	state in the 
presence of OCSe will be required before any further conclusions can be 
drawn concerning the relative yields of Ze(41D2) and Se(43Pj) in the 
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photolysis of OCSe. 
Reaction of Se(41 D2) with OCSe. The results presented in table 7 demonstrate 
that reaction between Se(4 1D2 ) and OCSo is extremely rapid having a cross-section 
at 293Kclose to the gas kinetic collision cross-section. Previous attempts to 
measure the rate constant for the analogous reaction involving S(31D2) with 
OCS have only established, a lower limit 8 ' 	, however this limit 8h0W8 that the 
cross-section is also large and not less than a factor of four smaller than the 
gas kinetic collision cross-section8. The limit derived for S(31D2) was based on 
the rate of. appearance of S2(a1 Ll g ) i which is a primary product of the reaction 
with OCS. 
"1+ 	 1 S(3 D2) + OCS (X 2 ))S2(a1L1) + CO (X Z +  ) ..... 7 
The potential energy surfaces relevant to the reaction of 5(31 1)2) with 
OCS have been briefly discussed previously and it was noted that provided a 
planar or near planar collision complex is involved in the reaction, only two 
out of.a possible five potential surfaces are available for reaction producing 
S2(aL 8) (three out of five are available for reaction if S2(b'Z)  is also 
formed; see figure 35). The potential surfaces for Se( 1D2) reacting with OCSe 
should be very similar to the surfaces for sulphur, and the observed rate of 
decay suggests that a planar collision complex is involved and that the rate 
of reaction is limited by the statistics of the number of surfaces available 
for reaction. This is entirely reasonable provided tht OCSe remains linear 
during the initial attack of the Se(4 1D2) atom, as the four atoms must then 
necessarily lie in a plane. 
Evidence for the formation of Se2(a1zg)  is indirect and involves 
observations on Se2(X3 g). The lifetime of So2(a1L) is expected to be 
short and direct observations using kinetic spectroscopy are hampered by a 
lack of spectroscopic data on this species. However, by analogy with 
S(31D2), the main channels for removal of So(4 1D2) are expected to be - 
	
Se(k1 D2) + OCSe (X1 Z)4CO(X1 Z) + Se2(a1 9
) 	i.... 8 
—>co(x1 E) + Se2(b1Z) 	..... 9 
—)OCSo(X1Z) + Se (LPj) 	.....1O 
lev 
Figure 35. Correlation diagram for the reaction of sulphur 
atoms with OCS. The B 11311 U5 B 3 Eu and B' 3 119  states 
Of S2 have been omitted to assist in the clarity 
of presentation: these states do not correlate 
with states of interest on the left hand side of 
the figure. 
- 	1A' 
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The proportion of collisions leading to quenching (process 10) cannot be 
firmly established from the present results, however it seems likely that it 
is relatively small, perhaps 	Data for S(31 D2) suggest that up to 20% 
of the total crosssection for removal of this atom by OCS may be attributed 
to the quenching channel13  and indicates that a relatively long lived colli- 
sion complex in formed; the lifetime of the collision complex being sufficient 
for intersystem crossing, from the singlet to triplet manifold, to compete with 
fragmentation yielding S2(a1L). 
C0S2(S) 	) Co + S2(a69) 	 ..... 11 
C0S2(T) - cos(Z) +s(3P) 	 ..... 12 
An alternative view which does not involve a long lived collision complex, 
but allows for a "direct mechanism" may be illustrated by reference to figure 35. 
Although the potential surfaces represented in figure 35 refer to the reaction 
of sulphur atoms with OCS, the surfaces for Se with OCSe should be very similar 
(unfortunately .spectroscopic data for the states of Se 2 are less complete and 
the analogous diagram could not be constructed in sufficient detail). In the 
following discussion, reference to S(31 D2) may thus also be read as S0(k ' D2). 
Figure 35 reveals that the three lowest singlet potential surfaces 
correlating with S(31D2) are crossed by two triplet surfaces correlating with 
S(33 Pi 	
In a low order approximation in which spin-orbit coupling is 
neglected (spin-free approximation), these crossings will be of no 
consequence and the only products for thermal energies at 300 K will be 
32(a16) and S2(b 1 E) as discussed previously. However in a higher order. 
approximation in which spin-orbit coupling is considered, it can be seen that 
I S(3 1)2)  must diffuse through a network of crossings (circled in figure 35). 
This situation is a well known problem in Physics and has been termed the 
"percolation problem". The outcome of entering such a network is known to 
depend sensitively on the degree of coupling between the chnnel6. Thus a 
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detailed consideration can only be made when the spin-orbit term 
coupling singlet and triplet channels is known quantitatively. However, 
in the absence of such data at the present time, it can be seen 
quantitatively that as the àpin-orbit coupling increases, so the 
probability of forming S(33Pj) will initially increase. Furthermore 
there must clearly be an optimum beyond which the probability of forming 
S(33Pj) will decline, and in the extreme that the crossings shown in 
uigure35 are strictly avoided crossings, only 52(b1Z ) would be formed 
via the lowest singlet surface (all other channels would lead to 
reflection of the atom back into the initial channel). More detailed 
work to establish the proportion of Se(33Pj) formed by quenching of 
Se(31 D2) by OCSe is therefore needed before the coupling between the 
surfaces can be more fully described. Data on tho individual spin-
orbit states of Se(OP) would also facilitate an interesting considera-
tion of the importance of double group correlations. Recent work on 
molecules containing Te atoms (see chapter .7 of this thesis) indicates 
that double group correlations are successful in describing the distribu-
tion of spin-orbit states following photodissociation. For the present 
purposes, it is emphasised that reactions 8-10 may proceed by a direct 
mechanism, if the crossings shown in figure 35 occur at long range, and 
that the involvement of a long lived complex OCS2 is not essential for 
the production of S(33Pj). 
Se(1+1 D1 ) - Noble Gases. Relaxation of Se(Lf 1D2) shows a parallel pattern 
of behaviour to that observed 
8,9  with the analogous state of sulphur and 
oxygen, Se(k1D2) is relaxed most efficiently by the heavier noble gases 
as can be seen from the data in table 7 and figure 36 • Xe,Kr and Ar 
require about 23, 7 and 27 collisions respectively to quench Se(4 1 D2). 
Helium on the other hand is very inefficient requiring >10 4-  collisions; 
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FIGURE 36 Second-order plots for quenching of Se(4D2) by the rare gases 
He(points off scale) ;Ne(upper lirnit;points of scale); 
Ar (0); Kr (0); Xe (0): 
120 
S(31 D2) and 0(21D2). This highly efficient electronic energy transfer 
to relative translational energy requires either a crossing of the 
potential energy surfaces correlating with the initial and fizal states 
or the close approach of these surfaces combined with tunnelling. For 
the quenching of O(21 D2) and S(3 1D2), a discussion of curve crossing for 
xenon as the collision partner has been given based on established 
spectroscopic data for Xe08. The basis of the proposed mechanism for 
deactivation of 0(21 D2) by xenon is that, whilst the potential curves 
correlating with 0(21 1)2) + Xe(5' S0) and 0(23Pj) + Xe(5 ' SO) may cross in 
low order approximation (for Hund's case (b) coupling), they will mix 
for Hund 'a case (c) coupling. The tendency towards Hund 'a case (c) 
coupling is expected to be greatest for the heavier noble gases due to the 
increased spin-orbit coupling induced by the presence of the heavy atom. 
In the absence of spectroscopic information for selenium-noble gas 
diatomic species, a consideration of the data on Se(41D2) obtained in this 
investigation is made in an identical manner to that used by Husain and 
Kirsch 69 to treat data obtained on the quenching of C(2 1D2) by the noble 
gases. Discussion of the data in terms of the crossings of the appropriate 
potential energy curves requires a knowledge of (a) the spin-orbit 
coupling on collision with the noble gas, and (b) the effect of this 
interaction on the transition probability. Whilst there are limitations 
on the application of the Landau-Zener equation, including the consideration 
• 	of transitions involving other than a orbitals, the experimentally measured 
transition probability, 	(= 1/z, 'where Z = no. of collisions for quenching = 
Zcou/kQI can be put in the form 
JP = 2P(1 - P) 	 I.... () 
where P is approximately given by 
P = I - exp (-k 1T 21 0/hv Iss - S I) 	 ..... (ii) 
In this expression E50 is the spin-orbit interaction energy, IS - STI is 
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the absolute difference in the slopes of the singlet and triplet 
potential energy curves, and v is the rate of change of internuclear 
distance on passing through the point of intersection. 
In this discussion the general correlation is restricted to the 
variation in the term E5 . Thus P is represented by - 
P = I - exp(- AESO 2) 	 ••••• (jjj) 
where A is an arbitrary value to give the best fit to the experimental 
data. The transition probability is then given by - 
= 2 exp(-AE502)(1 - exp(-AE502)) 	 ..... (iv) 
A graph of .log10) versus at 	number of the quenching inert gas was 
drawn up and the Se(41D2) data put onto this plot (see figure 37) along 
with recent data for O(21D2),8.,b0,69 S(31D2 ) 
 32 and C(21D2)69. This 
type of graph was used by Husain and Kirsch 69  to show that the mechanism 
for collisional quenching of C(2
1  D2 )by inert gaaes as a group appeared to be 
fundamentally different from that of the other D states discussed. A 
reasonable correlation curve employing equation (iv) was plotted by 
Husain and Kirsch to give a best fit for the data for O(21 D2) (see dotted 
line, figure 37) • The correlation curve was drawn assuming that the 
variation in E would be dominated by the heavier collision partner 
i.e. the inert gas. The E values employed were those for the halogens 
at atomic numbers Zi = 9, 17, 35 and  53. 
It is clear that the data for S(3 1 D2) and Se(41D2) follow a similar 
pattern to .O(21D2) except that the quenching efficiencies for these 
species are slightly greater. This would appear to indicate that a 
similar mechanism is involved for quenching of the first 1D2 states of 
0, S and Se. It is interesting to note that the order for ease of 
quenching is Se> S> 0 which suggests that the probability of a non-
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Figure 37. Correlation of the probability of the collisional 
deactivation 	of 0(2 1 D2), S(31 D2), Se(1i 1 D2) and C(21 D2) by the 
inert gases with nuclear charge Z' • The broken curve Is a plot 
of log102P(1-P) against Z' where P = I - exp(-.AE 0) and A is an 
arbitrary value for a best fit with the experimental data for 0(21 D2)9 
E50 values employed are those for the halogens at Z' = 9,17,35 and 53. 
E 0(21D2) (ref  .(8),(10)); upper limit only for helium. 
% 	S(31 D2)(ref.(8),(10), chapter 3-this work.); lower limits only for 
Probability of collisional deactivation Upper limit for helium. 
I 
Se (i+D2)( this work); 
0 C(21 D2) (ref.(69),(9)); 
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which increases for the heavier group VI atom. The transition 
probability, t9 (= 2P(1 - P), should decrease as P becomes greater than 
a half. The results presented here do not indicate that this latter value 
has been exceeded. In fact for all the three species studied (0, S and 
Se( 1D2) the quenching efficiency of Xe is remarkably consistent. Since 
the general correlation is restricted to the variation in the term E, 
and this is dominated by the heavier collision partner, then it i6 obvious 
that the difference in quenching efficiencies between the group VI ( 1 1)2) 
atoms will be greater for quenching by the light inert gases and smaller 
with the heavy inert gases. Thus in order to see if values of P greater 
than a half can be attained it would be interesting to measure the 
quenching probabilities of the 1D2 states by the relatively short-lived 
radio-active gas radon, or quenching of Te(51D2) by Xe. Unfortunately 
little work has been done on tellurium atoms, however quenching of 
Te(51D2) by argon has been examined (see chapter 6) and a collision 
efficiency of less than 10 was recorded. This result is an anomaly 
when compared to the above set of results and would appear to fit more 
closely to the data for quenching of C(2 1D2). This suggests that 
quenching of Te( 1D2) may occur by some other mechanism than that 
attributed to the lighter group VI atoms 
8• 
The reactions of Te(51D2) 
would appear to be a potentially interesting area of study and would 
possibly provide further information on curve-crossing mechanisms and on 
the factors which determine the transition probability. 
Having examined quenching by the inert gases in some detail and 
having ..-.concluded that Se(4 1D2) behaves similarly to S(31D2 ) and 0(21 1)2), 
the collisional removal of Se(41D2) by the other gases studied will be 
discussed in similar terms to these used to describe the analogous 
reactions with 0(2 1 D2) and 5(311)2). 
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Relaxation by SF6 is very inefficient. As for sulphur atoms, no 
chemical interaction between SF6 and the three lowest electronic states 
of selenium, except for weak Van der Waals interaction, would be expected. 
Thus the relevant potential surfaces should run parallel, relaxation being 
inefficient. Relaxation is faster than for sulphur and this can be 
explained by the greater Van der Waals interaction. 
Hydrogen and deuterium are very efficient at removing Se(4 1D2 )
9 
 
requiring .v3 and-6 collisions respectively. The correlation diagrams 
for reaction of S(31 D2) and 0(211)2) with H2 have been discussed 
previously 
. 
Se('+ 1D2) may react with 22:exothermically 
70  via the 
lowest surface of symmetry 1A' yielding SeH(X27T) + H(1 2S). A small 
kinetic isotope effect is expected from absolute rate theory, however 
the magnitude of the observed isotope effect may suggest that tunnelling 
is involved, perhaps through an angular momentum barrier. If reaction 
is endothermic, efficient three-body combination to form H2Se(X1A1) with 
non-adiabatic transitions to yield S43P)  will occur. Further 
spectroscopic examination of this system is required to determine which 
of these possible reaction channels is dominant. 
Nitrogen and carbon monoxide are very efficient at removing 
Se(111D2), requiring less than 2 collisions. Physical relaxation is 
expected to be the predominant removal process as previously described 8159 
(see chapter 3 for 	and the quenching probability is expected to 
increase relative to oxygen and sulphur, as observed. It is interesting 
to note that the quenching efficiency of N2 and CO are very similar as 
would be expected for these isoelectronic molecules. 
Removal by oxygen is again very efficient. The correlation:  
diagrams have been discussed previously by Donovan and Husain8, and 
indicate that the surface correlating with Se(4 1D2) + 02()C3 ) and 
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leading to SeO(b 1Z) + 0(23Pj) involves an endothermic process. The 
surface leading to SeO(a) will also probably be endothermic (the 
energies of the a and b states of SeO are not known with any certainty). 
Thus non-adiabatic transitions tothe surface yielding SeO(X3E) or 
Se(43Pj) probably occur. Alternatively, three body recombination into 
an excited state followed by chemiluminescence may yield Se02 62A 
more detailed spectroscopic investigation into this system is required to 
find out which reaction channels are preferred. 
Previous reports 60, 61 have indicated that c02 is very efficient at 
quenching Se(41D2), however no data on this reaction were obtained during 
this study. 
From the present study it is clear that the reactions of Se(k'D 2) 




6.1 GENERAL INTRODUCTION 
This chapter is concerned with the study of tellurium atoms produced 
in the photolysis of H2Te. The compound COTe is unstable at room 
temperature and H2Te was therefore chosen as a convenient source of 
tellurium atoms. 
Limited quantitative kinetic data on tellurium atoms, obtained by 
spectrometric methods, are available. Osborne 71  observed a non-Boltz-
mann distribution in Te(53P2,1,0) following isothermal photodissociation 
of H2Te. Te(5 1D2) was also produced, being monitored by atomic 
absorption at X = 277.1 urn (6s3S1 	1D2). Connor, Greig and 
Strausz 	have also observed Te(53P) by atomic absorption in the ultra- 
violet following pulsed irradiation of TeMe 2 and H2Te and report data 
for reaction of Te(53P) with ethylene and TeMe2. Connor et al. ' have 
extended these measurements to propylene and tetramethylethylene. 
Unfortunately no data was published on collisional relaxation of 
Te(51D2) or for spin-orbit relaxation of the Te(53P1) and Te(53P0) 
states. 
6.2 TELLURIUM (5 1D 
Recently the (5 1D2) state of tellurium has been directly observed, 
following photolysis of D2Te 	Of the group VI atoms, only O(2 1 D2 ) 
had been directly, observed 	and therefore observation of Te(5 1D2) 
provides a useful comparison. More recently Se(41D2) has also been 
observed directly and rate data has been presented in Chapter 5 of this 
thesis. 
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Te(5 ' D2) was monitored by kinetic absorption spectroscopy, the 
apparatus being of conventional design but using a vacuum spectrograph. 
The photolysis lamps and reaction vessel were constructed from Vitreosil 
quartz thus limiting photolysis toX>l9Onxn. H2Te was not used in these 
experiments as a strong band of H2Te obscured the strongest line of 
Te(51D2). D2Te was therefore used as the D2Te bands 	did not obscure 
0 
the atomic line, The excited atom was observed via the (75Dj(-5 D2 ) 
transition at 175.8 nni. Other weaker transitions were also observed to 
longer wavelength but were too weak for quantitative kinetic studies. 
The most probable mechanism for production of Te(51D2) was thought to be 
D2Te + hI —4 D2 + Te (5 1 D2) 	 ..... I 
as Te(5 1 D2) was observed most strongly at short delays (lop). The 
radical DTe was also observed at short delays. This latter process is 
known to be the major primary step in the ultra-violet photolysis of H20; 
however consideration of the molecular orbitals expected at higher energies 
(corresponding to the vacuum ultra-violet region) indicates that direct 
elimination may occur at short wavelengths. 76 The absorption spectrum of 
D2Te is considerably shifted to longer wavelengths 76, compared to that of 
water, and it would appear reasonable that reaction I occurs in the ultra-
violet photolysis of L)2Te. 
Te(51D2) decayed relatively slowly under the conditions used (PD2Te = 
4.0Nnr2; 	1Ie = 5o k. 2 ; 	E = 800J) and lived for periods up to 500,315. 
Careful analysis indicated a fast initial decay (60ps) followed by a 
slower decay at longer times (60-500)15). It was thought that the rapid 
initial decay was due to radical-radical reactions, even at the relatively 
low concentrations present ('2Nri 2). 	The species responsible were not 
identified but possibilities include hydrogen atoms, tellurium atoms in 
77 	 2 	78,79 the (53P1 ) and ( 3P0 ) states and the excited radical HTe( 7Ty.) 
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The radicals HTe( 21T
3/ 
 ), Te(53P2) and Te2 were present during the slow 
2 
decay and thus could not be responsible for the rapid initial relaxation. 
The decay for times greater than 60 jis showed reasonable first order 
kinetic behaviour, being independent of the pressure of helium but first 
order with respect to the concentration of D2Te. The decay of Te(5 1 D2) 
was accompanied by an increase in concentration of DTe and this was 
attributed to the reaction - 
Te(51 D2) + D2Te —42DTe 	 ..... 2 
In addition to this reaction, the atomic resonance transition at 214.4nni 
(63SE-53P2) was observed to grow as Te(51D2) decayed and it was con-
c].uded that some relaxation occurred parallel to reaction 2. 
The absolute rate for removal of Te(51D2) was found to be 
(1.0 ± 0.2) x 10- cm3moleculelsl which is about a factor of thirty 
slower than the rate reported for 0(21 D2) with 1120 . 
The effect of quenching by argon was also examined. For 0(2D 2 ) 
and S(31D2 ) quenching by argon occurs at approximately one in 100 
collisions and for-Se(41D2) at about every thirtieth collision (see 
Chapter 5, figure 7). However for Te(51D2) no quenching by argon was 
detectable at pressures up to 13.3  kNi 2 corresponding to a collision 
efficiency of less than 10. 
In order to extend this study to include the other noble gases and 
the reactions with 112 and D2 9 an attempt was made to monitor Te(5'D2) 
using kinetic spectrophotometry. A tellurium atomic emission lamp was 
built as described in Chapter 2. The emission characteristics of this 
lamp are described in Appendix I. Medium intensity 1D2 atomic emission 
lines were observed but unfortunately no absorption was detected after 
photolysis of H2Te under similar conditions to those used in the work 
described above, using D2Te. According to previously described work 
74 
Te(51D2) should be observable for 500)16. Unfortunately the "dead time", 
caused by scattered light from the photoflash saturating the photoelectric 
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detecting system, lasted approximately 200-300)16. Most of the Te(5 1 D2).. 
would have been removed before monitoring could commence. It is felt 
that further work on this problem will be worth while when the problem of 
scattered light from the photoflash has been solved. 
6.3 SPIN-ORBIT RELATI0N OF Te(53P) AND Te(53PO4. 
The ( 3P1 ) and 	states of tellurium were observed in absorption 
during initial testing of the tellurium atomic emission lamp, following 
the flash photolysis of E2Te. These states were known to be produced 
in a non-Boltzniann distribution, with respect to the ground state (53P2) 71, 
and it was decided to investigate the spin-orbit relaxation of these two 
states0 Numerous studies of spin-orbit relaxation have previously been 
made 8-10, 63, 64 and in a few notable cases the state of excitation in 
the quenching species has been observed 82, 83, But in the large majority 
of cases the energy partitioning in the quenching process is not known 
with certainty, although it has frequently been proposed that resonant 
transfer processes (generally involving electronic-vibrational, or 
electronic-rotational transfer) predominate. The few direct observations 
which have been made on the partitioning support this proposal 82, 83 
In this work the rate of resonant energy transfer processes involved in 
the spin-orbit relaxation of Te(53P1) and Te(53P0) were examined. 
The J = 0 and J = 1 levels of the Te(53Pj) state are separated in 
energy by only kk cii (table 1. ) and the cross-sections for relaxation 
between these levels are expected to be large 8 9 64, 64 	Both of these 
states lie 4700 curl above the J = 2 level and thus quenching from J = 0 
and I to J = 2 is expected to be relatively inefficient, at least in 
those cases where resonant transfer processes are not possible. 
1 O 
Examination of the quenching efficiencies of isotopically substituted 
molecules removes gross effects due to chemical interaction (the 
potential energy surfaces aresimilar). Quenching of the ( 3P1 ) and 
( 3P0) states by H2 and D2 was of particular interest in this work since 
the process 
Te(53P0) + H2(v" = o) - Te(53P2) + H2(v" = 1) LE =. 5k7cm 1 ..... 3 
where H2 gains one vibrational quantum involves a significantly smaller 
- 
energy defect than the corresponding process for D 2
/ E = 1713 cm 1  .'. 
A previous report 72  indicated that reaction (3) was efficient but 
no quantitative data was presented. It was also reported that relaxation 
of Te(53P1) and Te(53P0) by 02 appeared to be inefficient although again 
no quantitative data was presented. This low efficiency for quenching 
by 02  was surprising in view of the observations of Caflear and Tyerman 
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for Se(k3P0) which has a relatively large cross-section (0.29 x 10 16cm2 ) 
for relaxation by 02.  It was proposed that the large cross-section for 
Se(43P0) was due to strong chemical interaction with 02. Such inter-
actions should be similar for tellurium and would be expected to lead to 
efficient relaxation. 
The work described in this chapter involves the direct observation of 
the three spin-orbit states of Te(53P)  in a non-Boltzmann distribution 
following the isothermal flash photolysis of H2Te. Data for relaxation 
of the (5 
7 
 Pi) and (531'2) states by H2 9  D21 02,  He, Ar and Xe are 
presented and discussed. 
Experimental The apparatus used in this work, for kinetic absorption 
spectroscopy in the ultra-violet, was similar to that described in 
Chapter 2 under the heading "Kinetic Spectrophotometry" and further described 
in section 2.3 of this thesis. The tellurium atomic emission lamp used 
in this work was prepared in the manner described in Chapter 2 and the 
1)1 
output from the lamp is described in Appendix I. The H2Te was stored 
in the solid state at 77K and in the gaseous form was protected from 
exposure to light and prolonged exposure to tap grease. Mixtures of 
H2Te, diluent gas (usually argon) and the quenching species were made 
up in a bulb, which was also protected from the light.. This mixture 
was allowed to mix for a maximum of 2 hours and then discarded immediately 
the experiment was completed. 
In order to maintain the atomic emission lamp in a stable condition 
it was found necessary to operate the lamp continuously at a rated input 
of 100 watts (2 1+50 MHz). To prevent photodecomposition of the contents 
of the reaction vessel by the atomic emission lamp, a shutter was placed 
between the reaction vessel and the lamp, and was only opened a few 
seconds before the photolysis flash. The photolysis of H 2Te covered the 
walls and windows of the reaction vessel with a thin layer of elemental 
tellurium and occasionally this was cleaned off. A 10% HF solution 
was found to be adequate for this purpose. The removable window at the 
end of the reaction vessel, next to the atomic emission lamp, was often 
changed as occasionally a microwave discharge would be observed inside 
the reaction vessel, due to the close proximity of the microwave cavity. 
This resulted in the jndow being completely obscured by a layer of tellurium. 
When this happened the results were discarded. 
Materials used in these experiments are described in Appendix II. 
Results 	Tellurium atoms produced by photolysis (A)190nm)of 
H2Te(1.73Nx 2) in the presence of a large excess of inert diluent gas 
(usually Ar, PAr = 3.34kNrff 2 ) to maintain isothermal conditions, were 
- 	monitored via the following transitions (see Appendix I). The J = 0 and 
J = I levels of the Te(53P) were monitored via the transitions at 238. 140nm 
and 238.65nmrespective].y. The J = 2 ].evel.was monitored as a matter of 
1.)/ 
course during each experiment, via the transition at 225.97 nm. A 
typical oscilloscope trace showing the decay of Te(53P1) in the presence 
of argon is shown in figure 38. Plots of lnln(IJi) against time were found 
to be linear for all the quenching gases studied. Some examples of 
first order plots are shown in figure 39. The first order rate 
coefficients (ku) derived from such plots are presented in table 8 . 
The errors represent two standard deviations from the best straight line 
obtained for a least squares fit to the data. 
Because of the relatively poor signal to noise ratio obtained for 
Te(53P1) and Te(53P0), the experiments were repeated several times and 
the average result taken. In some cases it appears that the scatter 
in the rate coefficients exceeds the quoted error limits of the 
individual determinations; the scatter ranges from 3% in the best case 
to 30% in the worst. This scatter possibly arose from the small 
amount of decomposition of H2Te which inevitably occurs during the 
time allowed for mixing, the actual experimental run and during intro-
duction of the mixture to the reaction vessel. Previous experiments 
indicated that there may beca. 10% decomposition. Another factor 
could be the errors involved in measuring the small pressures of H 2Te 
where two or three sharing ratios were used. The pressure of H2Te can 
only be quoted to an accuracy of t 10%. Finally the poor SIN ratio 
must be acknowledged, together with the fact that human error is 
involved in drawing lines through the noise. 
It is clear from the data in table 8 that no significant difference 
was observed between the relaxation rates of the J = 0 and J = I levels 
of Te(53P) for the gases studied. This indicates that the two states 
were in equilibrium under the experimental conditions used and that the 
measurements refer to 	- 	the relaxation rates from the two 







J[ 	 -' 
dL 	 . 	1A'I/J 	 rJp\ 
Fi,gure 3g. 	Decay of Te(53P)  in the presence of Ai; 
A = 238.65 nrn, PH2Te 	 Ar 
1.13 Nm 2 , p = 3.34 kNm 2 
E = 05 J, t = 200s 	/division, vertical scale = 5 
mv/division. 
I 
0 	0.2 	0 • 4 	o.6 	0.8 	1.0 	1.2 	1.4 
time/ ms 
Figure 39. First order plots showing the decay of 	 1310) in the 
presence of various partial pressures of hydrogen. H2Te 1. 74 Nin 2 , 
1'Ar = •- k11m 2 , (0) - 
	
0.4.2 Nm2, 
( X ) - 	
= 0.84. Nm 2 , 
() - 	= 1 .74 
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TABLE 8. 
First order rate coefficients for quenching of the J = 1 and J = 0 levels 
of Te(53P). A standard mixture with2Te = 1,74. Nm 2 and P = 3.34. Nnf 2 
was used for all measurements (except those for Ar and He - see below). 
Quenching 1073  x rate coefficient/8'1 
gas 
Ar 	- P=1.67kNm 2 P - 334.kNm 2 P=6.68kNm 2 
1.54. 0.12J = i) 1.74.± 0.16 (j = i) 3.34 + 0.08 (J = i) 
1.35+0.14.(J=1)1.81+0.20(J=1)2.64. o,12(J0) 
1.60 + 0.06 (J = 0) 1.77 + 0,17 (J = i) 1.82 0.10 (.i = o) 
1.72 ± 0.10 (j = 0) 2.28+ 0.12 (J = 0) 
mean 1.50 .* 0.08 f 1,76 ± 0.03 2.52 ± 0.32 
Xe P = 0.67 kNm 2 
Error is two standard. deviations; 
1.68± 0.05 (j = i) 
1.95 ~ 0.12 ( 	= i)  
Standard error in the mean; 
1.79 ± 0.02 (J = 0) ff 	No argon added here 
1.88+ 0.14. (J = 0) 
mean 1.83 ± 0.06 
He -W P = 1 .67 kNm 2 P = 3.34 kNm 2 p 	6068 10,Tm2 
1.38 ± 0.09 W = 1) 1.52± 0.18 (j = i) 1.89 + 0.09 (1 = i) 
1.46 ± 0.13 (J = i) 3.02 ± 0.12 (J = 1) 3.05 + 0.06 ( 	= i) 
1.40 + 0.99 P = i) 1.72 ± 0 9 05 (J = 0) 2.73 ± 0.13 V = o) 
1.26±0.03(J=0) 2.77+ 0.20(J=0) 2.21+0.04.(J=0) 
1.66 ± 0.06 (i = 0) 
1.01 ± 0.09 ( 	= 0) 
1.79 ± 004. ( 	=o) 
mean 1.4.2 ± 0.10 2.26 ± 0.37 2.4.7 ± 0.26 
'-'V 
Table 8 (continued). 
Quenching 10-3 x rate coefficient/S-1  
gas 
H2 P = 0.4-2 Nm' 2 P = o. 8j+ Nrzf 2 P = I .74. Nzf2 
2.02 t 0.12 (J = I) 2.85 ± 0.12 (= i) 1+ . 02 ± 0.27 (J = i) 
1,91 ± 0.08 (j = 1) 2.10 ± 0.15 (j = i) 2.92 ± 0.18 (j = i) 
1.77 ± 0.08 (1 = 1) 2.4-0 + 0.15 (J = i) 4.53 ± 0.27 (j = 
- 1.61 ± 0.06 (j = 1) 2.15 ± 0,22 (J = i) 2.81 ± 0.06 (1 = i) 
1.77 ± 0.08 (J = 0) 3.01 ± 0.16 (i = 0) 5.11 	+ 0.6 (= 0) 
1.66 * 0.08 (j = o) 2.48 0.16 (1 = a) 
1.74- + 0.13 (J = 0) 2,85 ± 0.07 (j = a) 
2.18 ± 0.30 (J = 0) 
mean 1.78 ± 0,05 2,50 ± 0.16 3,88 + 0.4-5 
P 0.35 kNrn 2 
2.66 ± 0.20 (i = 
2.37 ± 0.14 (J = i) 
1.72 ± 0.07 (J = o) 
2.28 ± 0.10 (J = o) 
2.11 + 0.06 (j = o) 
mean 	2.23 ± 0.16 
02 	P = 0.67 kNn72 
2,48 ± 0.07 (j = 
3.00 ± 0.17 P = 
3.37 ± 0.20 (j = i) 
3.69 ± 0.12 (J = a) 
307 ± 0,32 (J =, O) 
2,72 ± 0.24- (J o) 
wean' 	3;05 - ± 0.25 
states have been combined. The data obtained from 02 and D2 were 
limited by the necessity to avoid changes in pressure broadening of the 
atomic lines. 
Second order rate constants were derived from the data of table S 
by either plotting the first order rate coefficients against the 
pressure of quenching gas (see figure 40 ) or by subtracting the rate co-
efficient due to removal by E2Te and Ar, and dividing by the partial 
pressure of quenching gas (used in the case of D 2 , 02 and Xe). The 
rate constants (k') derived in this manner were then corrected for 
departures from the Beer-Lambert law, relating the atomic concentration 
to the observed optical density change. The exponent (8) in the 
relationship0.D. =(cl) 9 (where c.is the effective absorption 
coefficient at the line centre and ]. is the length of the absorbing 
medium), was determined by carrying out experiments with half of the 
reaction vessel blanked off from the flash and comparing the ln(Irj/I) 
values with those obtained when the entire vessel was exposed to the 
flash. Both full and half photolysis experiments were carried out 
alternatively in such a way that effects due to the successive deposition 
of tellurium on the wails of the reaction vessel were minimised. The 
exponent derived for the 3p1  (238.65 nm) line was = 0.69 0.08 and 
that for the 3P0(238.40nm) line was 0.55 1 0.06; the errors refer to 
the standard deviation of the mean. In view of the close correspondence 
in these values, the results were combined and = 0.62 + 0.06 was used 
in calculating the data (k) presented in table 9 
An attempt was made to monitor the growth in Te(53P2) as the 3P1 and 
3P0 states relaxed. This was done by monitoring the atomic line at 
225.97 nm (Appendix I) which proved suitable for this purpose and which 
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Figure 40. Second order plot for the decay of Te(53P1 ) in the presence of 
argon. 2Te 1 .74 	 The first order rate coefficients (k") are 
not corrected for the Beer-Lambert correction factor. 
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TABLE 9. 
Rate constants and quenching cross sections for Te(5 3P1) and Te(53P0). 
quenching gas rate constant/cm3 molecule-1  1016x quenching 
cross section/cm2 
112 (1.03 ± 0.15) x 10 0.58 
D2 (3.8 	±. 65 ) x 	
15 6.9 	x 10 
02 (1.28 ± 0.55) x iO 2.6 
He 4 3 x 1o15a x 10 
Ar (1,38 + 0.28) x 10 5 3.0 x 10-4 
 
Xe 2.7 x 10 15 8.6 x 10-4 
a Presented as a limit in view of the assumptions made concerning/3- 
those used to monitor the decay of Te(53P1). Despite the improved 
signal to noise ratio it was impossible to detect any significant 
growth in concentration of ground state (3P2) atomsin the time interval 
200sto mis. This may have been due to saturation in absorption by 
the (3P2) signal, as conditions were left unchanged for all the three 
states of Te( 3P). Another possible explanation could be that the 
population of the J = 0 and J = I levels was less than 10% of the 
J = 2 level. This failure to detect growth in the J = 2 level, in 
those cases where quenching must have occurred (e.g. with the noble 
gases), prevented any distinction between quenching and chemical reaction 
in cases where both are possible. 
Discussion The photolysis of H 2Te has been examined by a number of 
workers ?2 711, 78 and it is known that at least two further electroni-
cally excited species, in addition to those studied here, are produced. 
These excited species, Te(5D2) and HTe (X71), decay rapidly and would 
have reached relatively low concentrations by the time quantitative 
measurements are made in the present study (>300ys). These states may 
in fact be responsible for the population of Te(53P1) and Te(53P0) but 
no direct evidence for this was obtained. 
The rapid establishment of equilibrium between Te(53P1 ) and 
Te(53P0) is consistent with previous observations on the spin-orbit states 
of the oxygen atom 	under similar conditions. Although the energies 
involved are somewhat greater for 0(23Pj) (iE (J = 1 - J = 2) = 
158.5 cz :E(J = I - 	= 0) = 68 Cu' ), no departure from an equilibrium 
distribution could be detected. For sulphur atoms where the energy 
separation is almost one order of magnitude greater than for Te(53P1 - 53p 0 
disequilibrium has been observed, 21  but relaxation was too rapid for 
quantitative data to be obtained; it may be inferred that spin-orbit 
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relaxation of sulphur atoms is efficient. 
Provided that equilibrium is maintained between the Te(53P0) and 
Te(53P1) levels, the quenching cross-sections presented in table ? 
refer to 	 the cross-section for both states and in the absence 
of any data on the relative magnitudes of the individual cross-sections, 
represent an upper limit for both states. From this point onwards no 
distinction is made between the two states and the nomenclature, 
Te(53P190) is used to indicate that both states may be involved. 
Quenching of 	
120  ) by the noble gases is clearly very 
inefficient; the rate for Ar is just measurable with the technique used. 
This contrasts with the Eituation for the halogen atoms where, even for 
Cl(32P), quenching by the noble gases was too slow to be measurable. 8o 
It is surprising that quenching of Te(53P10) by Ar is more 
efficient than Cl(32Pj ) as significantly less electronic energy  
('E = 887c0 1 ) has to be transferred to translation for the chlorine 
atom 80, 8 	The presence of impurities in the argon should be less than 
0.00 9 and the most likely impurity, 02, inefficient in relaxing 
Te(53 ). The data for quenching by He are presented as an upper limit 
in view of the relatively large scatter in the first order rate coeffic-
ients. 
The difference in efficiency for spin-orbit relaxation of Te(53P10) 
by H2 and D2 represents the largest isotope effect yet observed for this 
type of process and appears to be the largest quantifiable isotope effect 
ever reported. Previous data on the spin-orbit relaxation of Cs, K and 
Na by H2 and D2 revealed small isotope effects 8i Larger effects than 
those observed for the alkali atoms have been reported for quenching of 
= 130) 
8.5 
02(b1 Z )(kH/kD = 	86 and 
( 4S3P2)(kH/kD = i.) 87, however these are smaller than the isotope 
effect observed here. For Ar(L4)P 1  and 43 1P 1 ), transfer of energy occurs 
to electronically excited states of H2and D 2 , and study of the emissiort 
from the distribution of states produced, indicates that resonant transfer 
processes predominate. 87 Quenching of Ar(4S 3P2 and 4S3p0) appears to 
occur via a "strong interaction" mechanism which gives rise to a broad 
distribution of energy in the quenching partner 87 	The distribution 
of energy following quenching of I(52Pj.) and 02 (b1 E) by H2 and D2 has 
not been observed, although near resonant transfer of electronic to 
vibrational energy may occur with H2 in both cases, while transfer to 
D2 requires significantly more energy to be transferred to rotation or 
translation. 
While data for relaxation of Br(4 2P) by IIBr 82 and for relaxation 
of Hg(63P1 )-3Hg(63P0) by CO 
83 
demonstrate that efficient electronic.. 
vibrational transfer is possible, the present data, together with that 
for I( 2P3) and 02(b1 ), show that dipole-dipole coupling is not 
essential for efficient transfer, and that resonant processes may thus 
be of wider importance. The possibility of large range transfer via 
higher multicle interactions cannot be ruled out as quantitative calculations 
have not been performed for the systems in question* in the absence of 
such calculations we shall examine some of the general features of the 
potential energy surfaces to try to obtain an understanding of the 
processes involved. 
A two dimensional representation of the regions of the potential 
energy surface relevant to this discussion is shown in figure 41. The 
ground state of B2Te correlates with Te(5 1 D2) in a low order approxi-
mation (neglecting spin-orbit coupling) and the lowest singlet surface 
must therefore "cross" the triplet surfaces, correlating with Te(5 3P). 
In a higher order approximation, mixing between the singlet and triplet 
surfaces will occur due to spin-orbit coupling induced by the Te atom. 
Te(5 1 D2) + 	= 0) 
Te(5P1 2 0) + H
2 (v" = 
---'-- 
Te(53P2) + 	= i) 
Te(53P2) + H2(v1 = o) 	 lowest triplet 
state of ll 2Te 
Increasing separation between Te and H 2 
Figure 41. Cross section through part of the potential energy 
surface for Te + H 
1 +) 
Thus a transfer between singlet and triplet surfaces in the crossing 
regions will take place and provide a mechanism for relaxation. The 
efficiency of relaxation will depend on the probability for non-adiabatic 
transitions between the surfaces, but there does not appear to be any 
simple independent method of estimating these transition probabilities. 
It is concluded, from the present experiments, that the transition 
probability for the initial and at least one other crossing involving 
H2 is relatively large. Consideration of the data for H2 and 1)2 
indicates that non-adiabatic transitions for the overall process 
Te(53P110).+ D2(v" = 0) -4Te(53P2) + D2(v" = i)E 1713 cur1 	•••• 
(or the crossing leading to D2(v" = 0)) are much less probable. This 
may well result from the higher relative velocities of the atoms in 
the 'ollision complex" as they move through these regions of the surface and 
suggests that the process 
Te(53P1,0) + H2(v" = 0) —3Te(53P2) + H2(v" = i) 	 ..... 5 
will be strongly favoured over the process leading to H2(v" = 0). This 
is likely to be a general feature of such surfaces for small "collision 
complexes", and particularly so for triatomic complexes, where any 
redistribution of vibrational energy is inefficient 88 	Thus the further 
a process is from resonance, the lower will be the probability for a 
non-adiabatic transition. 
An alternative mechanism would be one where a potential barrier was 
found between the triplet surface (Te(5 3P10) + H2(v" = 0)) and the 
singlet surface; i.e. the highest interaction shown in figure 4-1 occurs 
at energies greater than those of the separated states. The greater rate 
of quenching observed for H2, compared to D2, would then arise from the 
higher rate for tumT1ing through the barrier with the lighter isotope. 
In the case of strong spin-orbit coupling, this corresponds to a case I 
1 inverse predissociation  
Unfortunately existing data on quenching of excited states by 112 
and D29 involving in some cases the possibility of multiquantum 
transitions, does not allow a clear distinction to be drawn between the 
importance of tunnelling (predissociation) and effects due to resonant 
transfer. Further work needs to be done to distinguish between the 
importance of these effects. 
Relaxation of Te(53P1,0) by 02 is remarkably slow, particularly 
when compared to the observations for Se(3P0) 65 	Reaction to yield 
TeO and SeO is endothermic, even for these excited states, and these 
reactive channels will therefore be inaccessible at 300K. Insertion of 
Se(43Pj) and Te(53Pj) into the 02 bond is thermodynamically favourable, 
however, due to the relatively strong spin-orbit coupling induced by 
the Te atom, only the 3P2 state correlates adiabatically with the 
ground electronic states of Se02 and Te02, and this insertion of the 
excited atoms is unlikely to be important. In fact there does not 
appear to be any firm data to suggest that insertion of any of the 
atoms. studied to date into multiple bonds is likely to be an important 
process. 
It does appear probable that an attractive potential does exist, 
at least for the ground state atom colliding with 029 the "collision 
complex" being analogous to the stable molecule 0 3. Due to lack of 
information on the potential surfaces involved no further discussion will 
be given here. 
CHAPTER 7 
KINETIC AND SPECTROSCOPIC STUDIES OF HTe AND USe 
7.1 INTRODUCTION 
Previous work on the ultra-violet photolysis of E2Se and H 2Te has 
shown that the HSe and HTe radicals are produced. In the present 
chapter, this previous work is extended and vacuum ultra-violet spectra 
of these transient diatomic radicals are presented and discussed. It is 
further shown that the HTe radical is formed in an electronically excited 
spin-orbit state and relaxation of this state has been investigated. 
7.2 SPECTROSCOPIC STUDIES OF USe AND HTe 
Ultra-violet spectra of the Group VI transient hydrides HX 
(X = 0, S, Se or Te) have previously been reported. The A(-4X systems 
9 of HO and US have been analysed in some detail, 14b, 	however, the analo- 
gous systems in USe and HTe are diffuse.70' 71  A single, strong band 
exhibiting rotational fine structure had been observed at 215nm 
following the flash .photolysis of H2Te, 71, 72 and has been tentatively 
assigned as a Rydberg transition of HTe. 71 Morrow has reported several 
Rydberg transitions for US and derived a value for the first ionization 
potential. 90 
The spectra of HSe and HTe discussed here were recorded using an 
instrument in the Department of Physical Chemistry at Cambridge 
University which has been described pre viously.91' 92 The work carried out 
at Edinburgh was concerned with an analysis of these spectra. 
Results. Although this report is primarily concerned with the spectra 
of the transient species, some comments on the spectrum of H2Te are 
required as a significant isotopic shift in the long wavelength system 
'4-1 
(ca. 190 nin) was observed, contrary to a previous report. 93 Wavelengths 	d. 
for the observed bands of 'H2Te, HDTe and D 2Te are given in table 10 • It 
was concluded that part of the 190 n system involved i progression in the 
upper state bending frequency, the transition involving the excitation 
of an electron from the highest a 1 orbital (which produces the bent ground 
state configuration) to the Ge Rydberg orbital (centred mainly on the Te 
atom, but mixed partly with close lying antibonding orbital). 
Transient Species from H2Te and D2Te. A number of strong atomic transitions 
arising from various electronic states of atomic tellurium were observed, 
following the flash photolysis of H 2Te, and are listed in table 11. 
(Te(5 1 D2), Te(53P1 ) and Te(53P0) were all observed to decay rapidly, while 
Te(53P2) persisted for several milliseconds. The kinetics of these states 
are discussed in Chapter 6 of this report. The insertion reaction of 
Te(5 ' D2) with H2Te,. to yield kiTe, has been proposed as an important reaction 
el. 74  Hydrogen atoms were not observed in this spectroscopic study 
as the first resonance transition lies just below the short wavelength 
limit achieved. 
The only transient diatomic species produced in the photolysis of H2Te 
were kiTe and Te2. The general features of the kinetics of these species 
have been investigated previously using spectroscopy in the visible and 
ultra-violet 71, 72 ?> 200nm), and it is known that kiTe is a relatively 
short-lived radical produced mainly during the flash and decaying rapidly 
thereafter. An absorption band at 215.5 nm was assigned as the first member 
71 
of a Rydberg series of kiTe • The kinetics of Te 2 are significantly 
different; Te2 increases in concentration as kiTe decays and then undergoes 
a relatively slow decay. 71 In this work, spectra associated with two 
distinctly different transient species were observed. The kinetics of the 
short-lived transient were identical to those of kiTe, as observed via the 
/cm 
2Te" 	D2Te,'cm 
L1)/Cn1 	XEDTe/'flifl HDTe 
191.56 52 203 191.56 52 203 191.56 52 203 
1022 721 887 
187,88 53 225 188.95 	52 294. 188.36 53 090 
987 721 856 
184..4.6 54. 212 186.2..1 	53 64.5 185.37 53 94.6 
924. 688 828 
181,37 55 136 184..05 	54 333 182.57 54 774 
182.24. 54 873 
181.86 54.987 
Further bands at 183.4.2, 181.85 9  181.41+ nni and numerous other weak 
180.02 55 549 
and apparently diffuse bands, were observed in samples of D2Te and 
178.57 56 000 
HDTe, but could not be analyscd with any certainty from the data. 
178.32 	. 56 079 
177.75 56 259 
176.17 56 763 
175.96 56 83 
173,76 57 551 
TABLE 10. Bands observed for E2Te, HDTe and D2T6 in the region 192-173 nm. 














63s? - 53P2. 
65P1 f-53P1 
63 P <-- 53P2
6P2 53P2; 
75D° -5 1 D2 
7s( ?)-53P2 
85D -51 D2 
63D -53P0(53P1 ?) 
85S 	53P1 
21 
Numerous other transitions were observed at shorter 
wavelengths, however the high density of states in this 
region and the relatively low dispersion used, did not 
allow these lines to be measured with sufficient 
accuracy for assignments to be made. 
215.5 nm band. 	For this spectroscopic investigation attention was focused  
entirely on the spectrum of HTe. 
The bands observed and assigned to kiTe are given in table 12. It 
should be noted that none of the bands showed any significant shift on 
deuteration, nor were any new bands observed. The 218 urn band was clearly 
associated with an excited state of kiTe as it was observed to decay more 
rapidly than the 215ninband ('%3ops). As the band did-not show a shift 
on deuteration it could not be due to vibrational].y excited kiTe and' was 
therefore assigned to an electronically excited state. The most 
reasonable assignment was to the 2Trj spin-orbit component of the ground 
electronic state (see discussion). 	The band at 175.9nmwas also 
assigned to a transition from the X 2 7T1 state of kiTe as it showed the 
same kinetic behaviour as the 218 rim band. 
For photo].ysis of H2Te and D2Te the optimum conditions for 
observing HTe and We were found to be Pj 2Te = 4.0N12; ffe = 50kNrff 2 ; 
E = 800J; t = 50 )is 	Under these conditions greater than 70%photolysis 
took place. 
Transient Species from ISe. The diffuse absorption bands previously 
observed in the photolysis of }I2Se (300-325 urn) and assigned to HSe70 
were used to investigate the overall kinetic behaviour of this 'radical. 
Unfortunately the bands were weak and difficult to detect, and it was thus 
necessary to use concentrations Of n2 5e wkieh were about one order of 
magnitude greater than those used for the vacuum ultra-violet experiments. 
It was also necessary to use an optical path length of 1 metre. It was 
found that USe was formed rapidly, reaching a maximum concentration during 
the flash and decaying rapidly after this ('t'4opa). During the decay 
of HSe, the spectrum of Se 2 was also observed to increase and later decay 
(t >8Ops). The spectrum of Se 2  was observed via the intense transitions 
quantum. Rydberg 
?vaJ /cm1 defectba orbital. transition 
218.0 4.5 872 6s o• C1E— X2T 
215.5 4.6 14.04 3,98 6s' Bi(X21T3/a 
201.2 14.9 702 : 	3.85 6sa C1 (-x211312 
181•8b 
55 006 3.55 6p D1 €—X2 1T312 
170.0 58 824. 2.25 5d 
175,9 56 850 W a 1(_X2fl 
164..8 60 680 1.05 4.f 0' N1 f_X2T1 312 
164.6 60 753 1.04 4fTh —X2TT3/2 
160.9 62 150 3.86 7s0' C2 <—X2Tr 1 
149.9C 
66 711, 3.93 8s 312. 
12.4.7,5 67 797 3.54 8p D3 f—X2Tr312 . 
14.5.5 68 729 1.10 6fO' N3 —X2TT 12 
143.7 69 589 3.55 9p D—X27312 
TABLE 12. Rydberg states of HTe. 
a calculatedon the basis of I.P,(HT.é) = 73 300 cni, 
b partly obscured by H2Te band; observed most clearly using D 27e. 
c partly obscured by Si emission line,  

















in the region 180-195 mu , under conditions used for recording the 
vacuum ultra-violet spectrum of HSe. It was thus readily established 
that the kinetics of Se 2 are significantly different to those of HSe. 
The new transitions observed in the vacuum ultra-violet at short delay 
following the flash photolysis of H 2Se could therefore be confidently 
assigned to ilSe and are listed in table 13. The first band at 179  mu 
exhibits two clearly resolved heads, however the bands at shorter wave-
length appear diffuse. Numerous transitions due to atomic selenium 
were observed, the strongest being at 206.3, 196.1 and 139.5 nm. 
a 
For photolysis of H2Se the optimum conditions were found to be 
H2Ze = 7.0k4j.2; He = 1+0 kNar2; E = 800 J; t = 20-25s. The highest 
degree of photolysis obtained was Ca. 50%. 
Discussion. The vacuum ultra-violet spectrum of HS has been analysed 
in some detail and a Rydberg series based on the configuration ... 
(3s)2(3p)2c3pmnhas been identified. 90 The longest wavelength 
bands observed for HSe and HTe lie in a region where transitions to the 
corresponding first Rydberg s orbitals are expected. In his analysis 
90 of the HZ spectrum, Morrow 	did not include the C state in the na 
Rydberg series as it was weaker than the higher members and significantly 
displaced from its expected position. Morrow concluded that the first 
member of the na Rydberg series may be continuous. No strong continua 
for 	- 	- 	 the 	-. 	- -L - - 	 - i e observe '" .n 	m uu .. wab euw..uueu 
that the band systems reported here are the only strong transitions 
present. Furthermore, the first bands observed for HTe and HSe fit the 
proposed Rydberg series rather better than US, and indeed the 201 nznband 
of ETe fits nearly perfectly (see below). It would appear therefore that 
the first members of the series become increasingly perturbed as the 
atomic number decreases, presumably due to mixing with the highest anti-
bonding orbitals. 
quantum 	Rydberg 
'vaJ 'i/cm defect5 a orbital transition 	intensity 
1 79.2 55797 2.82 	 5s c1 #—x2Tr312 
1 79.0 55 866 
1 49.7 66 814 3.00 	' 	6s C2 4—.X2T5/2 	 S 
14.3.7 69 604 2.58 	 6p D2&- X21T3/2 	MI.  
14.0.5 71 	190 '1.25 	 5d. H 2 f- X211312 	w 
TABLE 13. Rydberg states of ESe 
a calculated on the basis of IP. (HSe) = 79 000 cm-l " 
I. P. atonVeV I. P. rnonohydride/eV I. P. dihydrid.e/eV 
S 	10.36 HS 	10.4.1 H2S 10.47 
Se 	9.75 HSe 	9..79 H2Se 9.88 
Te 	901 	' HTe 	9.00 H2Te 9.14. 
TABLE 14.. Comparison of ionization potentials for S. Se and Te 
with the monohydrides and dihydrid.es. 
The first ionization potential of HS was found to lie between the 
a. 
value for the sulphur atom and that for 1128 (table 1k-), 	Thus in 
analysing the spectra of HTe and HSe it was initially assumed that 
their ionization potentials would also lie between that for the free 
atom. and the dihydride. The calculated quantum defects were then 
compared with those for the dihydride and the ionization potential was 
adjusted until the most consistent set of defects were produced (the 
first transition being ignored for this purpose). A more detailed 
discussion of the assignments is given below, 
HTe. The 201 nm band was the strongest of the long wavelength bands 
and was assigned as a transition to the 6s Rydberg orbital. The quantum 
defect was reasonably close to that observed for H2Te (8 flS = 3.95). 93 
This transition was labelled C 1 X( 2 1T312 ) by analogy with 113; 
although Morrow 0 did not include the C state in his us Rydberg series, 
he. demonstrated that the electronic configuration ( 24) was the same as 
that for the Rydberg series. The C state was therefore preferably 
regarded as the first member of the series (see also above) and higher 
members are denoted with the subscripts 2, 3 etc. The weaker band at 215 n 
is labelled B 1 f-X( 2 1T3/2) by analogy with 113; the B state of 113 was shown 
to be a 2 E state 90  which may also arise from the ... (3s(y)2(3po')2 
(3prr) 2nso' configuration. The 218 nm band was assigned as C 1 <-X( 27 1 ), 
the spin-orbit splitting in the ground state of HTe thus being 38:0c 1 . 
This is in accord with the spin-orbit splitting expected from a comparison 
of the splittings for HS 90 and USe 	with these of the atomic states S. 
Se and Te 96, Two further members of the ne series were observed and have 
defects close to -that for H 2Te. 
Three members of the np Rydberg series were observed, with the 
7p(D2) transition being obscured by H 2Te. No Rydberg series based on 
up orbitals were observed 93 for H2Te, however the defect calculated 	4. 
from the atomic spectrum and the defects observed for the np series in 
selenides 9 (E nP = 2.55) and sulphides 93, 1.57- 
indicate a value of 3.55 which is the same as that observed (table 11. 
Only one member of the nd Rydberg series was observed and had a 
defect close to that expected 93, 97. Two members of the nf series 
were observed with the 5f(N2 ) level being obscured by H2Te. 
The fact that none of the observed bands show any significant 
shift on deuteratjon indicates that only the (0,0) bands were observed. 
ilSe. The spectrum of HSe was assigned in a similar manner to that 
described for HTe. The ionization potential of USe was taken to lie 
between that for the Se atom and U2Se (table 14. It is clear from table 14 
that the 5s Rydberg orbital does not fit the proposed series well 
presumably due to mixing with the higher antibonding molecular orbitals 
as noted earlier. The quantum defects for the 6s, 6p and Sd Rydberg 
orbitals of USe compare favourably with the corresponding quantum defects 
for H2Se ( 6ns = 3005, 6 =20552 6nd = 1.15) 
93. It appears from this 
study that many of the Rydberg transitions of USe lie close to the strong 
bands of H2Se, and are not resolvable from them with the instrumentation 
used. Further work using higher resolution and isotopically pure Se and 
enabling a higher degree of photolysis to be achieved is therefore 
desirable. 
7,3 KINETIC STUDIES OF HTe 
In this section the spin-orbit relaxation of HTe x21T is discussed. 
Spin-orbit relaxation of the electronically excited HTe(X 21T) radical 
to the ground state, UTe(X2T%/2), following the isothermal flash photolysis 
of H2Te, has been monitored and the cross-section for relaxation by various 
species determined. The production of HTe(X21T) in the primary 
photochemical step is discussed within the context of' a correlation 
diagram using double groups. 
While the spin-orbit relaxation of electronically excited atoms 
has been studied in considerable detail in recent years, 8-10, 77, 80,81,83 
little is known about the analogous process for molecules. The 
possibility of transferring electronic energy into vibrational and 
rotational energy of the initially excited molecule during a collision 
(i.e. collision induced intramolecular energy transfer), provides a number 
of channels for relaxation which are not available to excited atoms. 
These channels might therefore be expected to contribute to the total 
cross-section for quenching and thus lead to significantly larger values 
than those typically found for atoms. However it must be noted that 
despite the presence of these extra channels, electronically excited 
molecules may still be highly metastable to collisional relaxation, as 
evidenced by the small cross-section reported for quenching of 02( 
. a
lL g ) 
by a wide range of collision partners 98• It would appear that the only 
previous work on the spin-orbit relaxation of a molecule is that for 
,2,,- 	99 N0X 113/2) 	. The spin-orbit coupling energy in this case is only 
121 cm (21T3/2 - 	and ultrasonic pulse techniques have shown that 
spin-orbit relaxation is fast (16 4 collisions with NO at 293K), as 
expected for safl excitation energies. 99 
Spin-orbit relaxation of atoms has been studied more widely, notably 
With the alkali 81  and halogen atoms. 8o, 8-10 Chapter 6 of this report 
describes the spin-orbit relaxation of Te( 3P1 ) and Te(53P0) to the 
ground state Te(53P2 ). With the halogen atoms, particular interest has 
been expressed due to their role in a number of photochemical laser 
systems. The iodine atom laser reported by Piznentel et al. 
2 
 was in 
fact. the first photochemical laser to be described. 
The HTe radical is isoelectronjc with the iodine atom and thus 
spin-orbit relaxation 
HTe (X2Tr 1 ) + H -4HTe (X21T312 ) + N + LE (38 1+0 cn) 	..... 1 
by various quenching gases (N) may be directly compared with the 
extensive data for I(52P1) 80, 8.io 	In this work, data is reported 
for quenching of HTe(X2Tr) by He, Ar, H2 , D21 02 and N. 
The experimental technique used to monitor HTe in this work was 
flash photolysis with kinetic spectroscopy, as described in the 
experimental chapter (Che2) e Photolysis was limited to X>190nmby 
using Vitreosil quartz for the flash lamp and reaction vessel, both of 
which were 1 metre long. Flash energies of 1000Jwere found to produce 
the required degree of photolysis; half-life of flash ' p= 20ys. As 
previously described in Chapter 2 1 the recording film was prefogged prior 
to use as the light intensity at 210-.220nm was rather weak using the 
available apparatus (quartz optics). 
Mixtures of H2Te with (M) the quenching species and Ar, He or N2 
as diluent gas were made up 1-2 hours prior to use, with similar 
precautions being taken as described in Chapter 6, to prevent excessive 
decomposition of the H2Te. The partial pressure of H2Te present in the 
reaction vessel was typically 2.7Nnr 2, with 2.7kNnT 2 of diluent gas to 
ensure isothermal conditions (rate data are quoted for 293.K ). After 
each flash the reaction vessel was immediately evacuated, thus reducing the 
rate of tellurium deposition in the vessel. Despite these precautions 
it was found necessary to clean the reaction vessel (5% HF solution was 
used) after 5 or 6 sets of experiments. In order to minimise systematic 
effects due to the &ow build-up of tellurium, in any one set the delay 
times were arranged in a random sequence. 
A description of the materials used in this experiment can be found 
in Appendix II. 
Results. A typical photographic plate is shown in figure 42 and shows 
HTe(X21T) decaying with time. HTe(X 21T 312 ) and Te(53P2) are also 
observed in the same region. 	A. typical trace resulting from the 
densitometry of such a plate is shown in figure i-3 	Tests showed that 
none of the signals appeared to be saturated, although there may be some 
doubt about the atomic line and the Q branch of the liTe(X21T312 ) 
transition at 215 nm, when they are at peak concentrations. 
Although argon was used principally as the diluent gas, both X-grade 
helium and white-spot nitrogen (B.O.C.) were also used. The Beer-
Lambert exponent correction factor relating'obsorved optical density to 
concentration was determined in the usual manner by blanking off, half of 
the reaction vessel from the photolysis flash. This was done for 
alternate halves of the reaction vessel and the results averaged to 
eliminate any systematic errors due to non-uniform light distribution in 
the reaction vessel. The Beer-Lambert exponent was determined for 
several pressures of argon and values were obtained for all the species 
in the region densitometered. The results obtained are presented in 
table 15, and it can be seen thatp for HTe( 21T) varies with pressure. 
Because of this variation with pressure, each individual OLD. value was 
corrected prior to constructing the first order plots. Figure 44shows 
some examples of first order plots and the full results are tabulated in 
table 16. It was noticed that HTe( 21T) decayed very rapidly during 
the first 25ps and then decayed at a slower rate. The initial fast 
removal was attributed to a perturbation caused by the flash and therefore 
all optical density values prior to 25 p.s were ignored in calculating the 
best straight line in the first order plots. 
Second order rate constants (k) were obtained either by plotting the 





FIGURE 42- Decay of HTe(X 21T) in the presence of argon 
(delay times in ,jis; P.A. = 8.0  kNm 2 ; 
H2Te = 2.66 	2; approximate wavelengths 




Figure 43. A typical densitometer trace resulting from a plate such 
as that shown in figure 42. In this trace the delay time 
was 31p3. 
TABLE 1.5. 
Beer-Lambert exponent (,$) for HTe( 27ri) for various pressures of argon 
	
argon / icwm 2 
	
Beer-Lambert Exponent () 
66.5<P.( 266 
	





	 0.61 ± 0.06 
a These results were obtained from an average of several experiments. 
0 
Figure 44. First order plots of HTe( 21r1) in the presence of various pressures 
0 	 of argon. }12Te  2,7 nn-2, () - p = 1.331cNm 2, (A) - 	=. 2.66 kNni, 
(0) - P. = 	kNm 2 ,. 
0 	0 	N. B. The large error bars on each point are omitted. The error in the 
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- First order rate coefficients for HTe( 2111), 
argon / kNm 2 kt/ 10.35-1 
1.33 1.87±0.55a 
2.66 2.45 ± 0.4.3 
5.32 4.85 ± 1.58 
7.98 5.2 	1.4 
13.33 18.5 ± 6.7 
helium / kNn 2 
1.33 1.78+0.22 
2.66 2,33 # 0.32 
5.32 -2.36+ 054 
/ hydrogen/Nm-2  
PAr = 2.66 kNm 
13.3 1.83 •t 0.74. 
20.0 1.60 ± 0.4.0 
26.6 4.o6 ± 1.2 
39,9 26.4. 	± 4.1 
53,2 35.5 ± 20 
deuterium/Nm 2 
PA,= 2.66 kNm 2 
133 2.53±1.0 
266 2.97 ± 0.5 
1330 14.2 	± 4.6 
2660 50.3 	+24.0 
oxygen 
Ar = 1 .33 kNnf 2 
	
1.33 	20,5 ± 6.2 
nitrogen / kNnf 2 
1.33 	 2.4.7 + 0.44 
a- Error is two times the standard deviation; this arrises mostly from 
the scatter in the first order plots. 
gas or by subtracting the rate coefficient due to H2Te and diluent gas from 
the determined first order rate coefficient and dividing by the pressure 
of added gas W. 
Using various pressures of helium, up to and including 5.3kNil 2 1  
only a limit could be obtained from the three first order rate coefficients. 
The intercept of- 1-7 x 	gives some indication of the rate of 
removal of HTe( 21T ) by processes other than quenching by added gases. 
The rate of quenching by He was determined to be 41..5 x 1OScm3 molecule-  1 
The result obtained, using argon as quenching gas was by far the 
most precise result obtained. Five first order rate coefficients were 
determined. In the second order plot the first four points lie in a 
straight line (see figure L5) but the value obtained for. the highest argon 
pressure (13.3 kNn 2) was higher than would be expected. Taking only the 
first four points a second order rate coefficient of (2.1 	i.5) x 10-15 
cm3molecules was obtained, equivalent to . a cross-section of (+.6 3.5) 
x 10 20cm2; (error is two standard deviations). The intercept of 
1.2 x 103_1  was in agreement with the previous determination. 
When hydrogen and deuterium were added to the mixture, marked curvature 
in the resulting second order plots was observed (see figure 14-6). 
The effects of adding xenon, SF6 9 nitrogen and oxygen were only 
examined briefly. Preliminary results, based on single first order plots 
for oxygen and nitrogen and trial experiments with Xe and SF 6 , indicated 
that the rate of removal of HTe( 2Trj) is approximately 5.5 x 10
- 14 
cm 
-1 6-1 	 -2 	 -is 3 molecule for oxygen (1.33 Nm ) and k x 10 cm molecule-1 8-1 for 
nitrogen (1.33 Nm 2). Xe and SF6 showed similar efficiences as that for 
nitrogen. It was noted that, in the presence of oxygen, new absorption 
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Figure 45. Plot of first 	order rate coefficients against pressure 	 Argon Pressure /kNm 2 
	
of added argon = 2.7 Nm'2), 
0 	 10 	 20 	 30 	 40 	50 	 60 
LMIN 
hydrogen/Nnf 2 
0 	 1 	 2 	 3 
deuteriuny'kNm2 
Figure 46. Plots of first order rate coefficients against pressure. Of 
added gas, 
appeared at 210, 215.5, 224.5 and 227nm, the first two being by far the 
strongest. These bands appeared as HTe( 2Tt) disappeared and were gone 
by 500)15 or earlier depending on the oxygen pressure (1.33 Nm 2 for 
500)i.s lifetime). 	At the same time a series of very weak bands could just 
be made out at about 320nm, but these were only visible when the bands 
were at their maximum (PO 2 = 10.6 kNij 2). None of these bands were due 
to Te2 as the spectrum of Te2 is well known and lies between 1300-45O nm 100 
and these had different kinetic behaviour to the unidentified bands. 
Because the unidentified bands must be due to a product of reaction 
between oxygen and photolysis products, a closer examination of the 
plates was made in the regions where TeO and Te0 2 would be expected 100 
Nothing except the Te2 bands was observed in the region from 350  n 
upwards. Until a more detailed spectroscopic and kinetic study can be 
made with known bands of TeO and Te02, it is not possible to positively 
assign these bands. 
At long delays ('.s500)ls) and irrespective of the added gas, bands 
were observed between 203-205nm (for low H2Te pressures). These bands 
could possibly be due to Te2 or Te3 as they appeared just as Te(53P2) was 
disappearing. 
When H2Te was photolysed on,its own (no diluent gas), no vibrationally 
excited species were observed although the fine structure on both ground state 
HTe and the excited state liTe(X2iT. ) spread out due to heating effects. 
Discussion. Evidence has been presented earlier in this thesis for 
two primary photocheniical channels in the ultra-violet photolysis 
(?%>190nm)of H2Te, viz; 
H2Te 	> H + HTe (X2Tt, 
)3/) 	 ..... 2a 
H2Te 	> H2+ Te (5 1D2) 	 •.... 2b 
The relative importance of these channels is likely to vary with wave-
length, but this dependence has not yet been established. Both 
HTe(X2TT )3/2 ) and Te(5 1 D2 ) have been observed directly ' 78 (described 
earlier in this chapter and also Chapter 6) together with the three spin-
orbit components of the ground state atom '?'?' Tè(53P210), 	The latter' 
are probably formed by secondary reactions between hydrogen atoms and 
HTe, or by secondary photolysis of HTe. Evidence from the present study, 
in which rapid decay of HTe(X 21Tj. ) during the flash was observed provides 
evidence for these proposals. However, the point of primary concern 
to this work is that HTe(X2113) was observed in sufficient concentrations 
to allow kinetic studies to be made. 
Quenching of HTe(X2TVj) by argon: Let us consider quenching of the 
HTe(X21T) state by argon to the ground state of HTe(X 2 TT /2 ), as this 
result is rather interesting and more precise than the others. Quenching 
is known to be the main removal channel as the decay of HTe(X 2Tfj) was 
accompanied by a growth in the ground state HTe(X 2T 3/2 ) concentration. 
A comparison of the intensities of the spectra for HTe(X 21Tj) and 
HTe(X2 T5/2) during the flash, indicates that a population inversion 
possibly exists for a short period (t <20)s under the conditions used 
here). 
Addition of quenching gas (argon) to the system caused the rate of 
decay of HTe(X21Tj) to increase significantly. 	(See table '1 ) The 
quenching cross section of (4.6 3.5) x 10 20cm2 obtained for argon is 
at least a factor of IO greater than that for quenching of I(52P1) by Ar. 
However, it should be noted that the spin-orbit energies involved are 
significantly different; the spin-orbit splitting for I(52Pj ) - I( 2P..) = 
7603 cm , while the splitting for HTe is only 3840n . A more reasonable 
comparison in terms of spin-orbit energy may be made with Br(4 2Pi) 
= 3685cn 1 ); it can be seen that relaxation of HTe(X211j) is at 
I o:, 
least a factor of ten more efficient than relaxation of Br(42Pj) 
(kAr
(2 x 101Gcm3molecule_15_1) 80, 8-10 	On the basis of this 
evidence it would appear that intramolecular energy -transfer channels 
give rise to a significantly greater quenching cross-section for 
HTe(X21T 1 ), compared with the halogen atoms. 	This proposal is 
particularly attractive for relaxation of iiTe(X21T3), as the process 
1Te(X21Ti, v' = 0) + Ar — ETe(X2T13/2 , V" = 2) - + Ar 	.... 3 
is close to being resonant (LE = 160 ci ' ). 	Thus the colliding argon 
atom serves mainly to produce a perturbing field which mixes the initial 
and final states. 
It should be noted- that failure to observe vibrationally excited 
kiTe cannot be taken as evidence against intramolecular tran fer, as 
unfavourable Frank-Condon factors for transitions with v"> 0 would render 
the photographic techniques employed here too insensitive to detect such 
excitation. Rotational excitation would also go undetected with the 
present technique. 	It is clear, therefore, that more sensitive direct 
techniques will be required to resolve the detailed aspects of this 
energy transfer process. 
The initial yield of HTe(X21T) produced in the photolysis of E2Te 
is surprisingly high when compared to the very low yield of I(52P.) 
01 following the flash photolysis of HI(isoelectronic with H2Te) 
This might suggest that HTe( 2Ti) i X 	s produced in a secondary reaction 
such as 
Te(51 D2 ) + H2Te —4 HTe(X21Tj) + HTe(X21T3/2 ) 	..... 4 
rather than the primary photochemical process(2). This may be ruled 
out however as the half-life of this reaction 	(Chapter 6) under the 
conditions used is'-'100s, and could not therefore account for the 
observed initial rapid rate of production. Similarly, energy transfer 
from Te(53P0 ,1 ) can be excluded as the rate of this process would also 
f  
be too slow (see Chapter 6). But these reactions may contribute to a 
slower production of HTe(X21T.) over several hundred microseconds. 	The 
secondary reaction 
H+H2Te-3HTe+H2 
is also expected to yield predominantly ground state HTe(X21T3/2) 102 
as the analogous reaction involving hydrogen atoms and HI yields 
Let us now, at this stage of the discussion, consider the primary 
photochemical step in more detail. Figure47is a correlation diagram 
for the three lowest "known" states of H2Te with the products kiTe and H, 
constructed using double groups. It has been assumed that the states of 
H2Te have similar relative energies to those of H 20, and only states which 
103 
have been well established by spectroscopic or electron scattering studies 
have been included. 	It is clear from figureL,.7that excitation to .the 
r-'l 
A B1 state will yi 
state as required. 
3B1 state (flgure1+7) 
intense ultra-violet 
ld HTe(X2113/2 
However it was 
does correlate 
continuum of H 
) and not the excited spin-orbit 
noted that one A' component of the 
with HTe(X2T1). The relatively 
I arises from a singlet-triplet 
transition C t'3rr 
 
X 	), thus it would appear plausible that a transition 
of comparible intensity would be present for H2Te, coupling the states 
(3B1 	XA1 ). 
While the above proposals involving a transition to the 3B1 state 
are compatible with the experimental observations, they do not support 
the tentative suggestion that a population inversion is produced in the 
spin-orbit multiplets of kiTe (dissociation of the 3B1 state would yield 
27 312 in the proportion I ;2, while population inversion requires 
a I :1 ratio in this case). We must therefore consider whether there 
is any evidence for other low lying states of H 2Te the inclusion of which 
would modify figure47. Turning again to H20 for guidance on the relative 
ordering of low lying states, it was found that there is theoretical and 
experimental evidence 103  for two more states in the relevant energy 
• 	3 ; 
• B1 A"+ 2A' 
2A + 2A" 
2At + 20 
JITe(X 211,) + H(2 S 
2 
HTe(X2 fi3 + H(S 
in 
C Smetry 
species 	 species 
Electronic for double 	 for double 
State of group 	 . 	 group 
H2Te 
H + HTe 
A 1 13, All 	 lliher electronic 
states of H2Te 
A' 	•/ 	. 	.,•. 	... 	. 
Figure 47. Correlation diagram for H2Te dissociating to HTe +H. 
I (. 
range although their positions have not been well characterised. These 
states are a A2 state which probably lies just above the 	state, and 
3A2 state which lies above the 3B1 state, but probably below A 1 a 	 B1 . 
Figure 18is been constructed to take - account of these states. The 
3 presence-of the A2 state now requires that the A B 1 state correlates 
with HTe(X2113) and if absorption were exclusively via the transition 
('1B1lA1), then only electronically excited ilTe radicals would be 
produced. It is more likely however that transitions to both 
3 
 B 1 and 
A B1 states will occur and result in a marginal population inversion of 
the spin-orbit states. 	It. is clear that this argument depends on the 
3A2 state lying below the A B 1 state; independent theoretical and 
experimental data 103  support this proposal (see ref. 103 for a 
discussion of this point). The A 2 state referred to above is unlikely 
to influence the primary photochemical step in any way. Transitions to 
this state from the ground state of H2Te are electronically forbidden, 
and although vibrationally allowed, are expected to be weak. 
The 1B1 state of H2Te also correlates with H2 + Te(5 1D2) and the 
products of both reactions 2a and 2b may therefore result from excitations 
of this state. 
Quenching of ETe( 21T) by He, Xe, H, D2, 021 N2 and SF6 : When helium 
is used as a quenching species, a similar mechanism to the above can be 
put forward, but the colliding helium atom must produce a weaker perturbing 
field and thus mixing between. the initial and final states is weaker. This 
argument would also apply to xenon and SF 6 . 
Hydrogen and deuterium are both reasonably efficient at removing 
HTe(X21T3). 	 If, as in the case of Te( 3P1 , 0) (see Chapter 6), resonant 
transfer of electronic energy to vibrational energy is considered, the 
following reactions might take place (rotational transitions ignored), 
I 
C Symmetry 
Electronic Species for 	 Species for 
States of double group double group 
J1Te 
- 
H + HTe 
1 kt 1• 2A 	 2A' +2A" 	HTe(X2 11,) + H( 2 S 
2A' + 2A" 	HTe(X2 11) + 11( 2 S 
Figure 48. Correlation diagram for H2Te dissociating to 
H + HTe, including the 3A2 and 1A2 states. 
1A1 
HTe(X2TT) + ff2 t = 0) —)HTe(X2 1r
312
) + H2(v" = 1) 	..... Ga 
LE = -320 cx 1 
HTe(X2TV1) + D2(vt = 0) —HTe(X21T 3/2 ) ~ D2 (v' = i) 	•.... 6b 
IE +846 cm 
Io 't Donovan et al. 	have recently made a study of resonant processes 
involving electronic to vibrational and rotational energy transfer. They 
suggest that many spin-orbit relaxation processes can be explained by the 
high probability of a close (resonant) electronic --) vibration-rotation 
transfer - of energy. No rotational transitions were considered here as it 
was not known what the rotational states of HTe(X 27 ) and HTe(X27312 ) 
could be. The rate data indicate that hydrogen is more efficient than 
deuterium at quenching HTe(X21T) thus suggesting t±ñta better energy match 
is obtained for hydrogen. 
When 0 was added as a quenching gas, the most interesting observation• 
was the appearance of an unidentified set of absorption bands in the region 
210-230 urn. At this point no positive identification can be made as no 
bands were observed at wavelengths where the molecules TeO and Te02 are 
known to absorb. A very weak series of bands was observed at about 
320 urn which is at the short wavelength end of the previously identified 
100 bands of TeO and Te02 	. Further spectroscopic analysis is required 
in order to identify these bands. The reactions leading to the carrier 
of this spectrum could not be identified, but the growth and decay of these 
bands parallelled the ground state Te(5 3P2 ) atom which decayed more 
rapidly than usual. 
A general observation was made of a system of bands at " 203 urn which 
appeared as Te(53P2) was starting to disappear (500s). These are 
Possibly part of another series of Te2 or may even be Te3. Unfortunately 
although Te 2  could easily be seen via the series of bands at 380-450 urn, 
I - 
the two series of bands were never observed on the same photographic 
plate and the conditions under which the separate plates were prepared 
were completely different (the bands at 203 n could only be seen when low 
pressures of H2Te were present in the reaction vessel as the continuum 
was very weak at this wavelength). Again further spectroscopic 
analysis in the vacuum ultra-violet region would be useful in characterising 
these bands. 
After very careful scrutiny, it was decided that Te(5 1 D2) could just 
.12 be observed in absorption under certain conditions (PH 2 Te 
delay = 1560)iz) via the transition at 277.lnrnpreviously observed by 
Osborne 71 
	
It appeared so weak and was so short-lived that it was 
obviously impossible to observe using photoelectric techniques as 
attempted in the work described in Chapter 6. 
In conclusion it is obvious that only a superficial examination of 
the kinetics following photolysis of H 2Te has been achieved here and 
many interesting questions remain unanswered. The system clearly 
exhibits fairly complex kinetic behaviour and in this report we have 
managed to examine spin-orbit relaxation of both Te(5 3P1 ) and 
ETe(X211 1 ), both of which have their own inherent interest. A more 
detailed spectroscopic and kinetic examination, especially of the 
product distribution in the various. energy transfer processes involved 
direct 
	. . 	- - -.1-- ifl spin-orbit 	ucai..on, and also airect observation 2' would  
go a long way in unravelling this complex system. 
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APPENDIX I 
ATOMIC EMISSION LAMPS 
The preparation of the atomic emission lamps produced in our 
laboratory is fully described in section 2.7 of this thesis(pa,ge 37). 
This appendix simply records the emission spectra obtained from these lamps 
under various conditions. 
SULPHUR 
A considerable amount of work was carried out on this lamp. Various 
inert gases over a range of pressures were used in order to obtain a lamp 
with a strong atomic emission spectrum. Unfortunately because of the style 
of lamp used.(see plate IV pa,geO) this lamp was difficult to clean and the 
emission spectrum also contained bands due to water and carbon. Later 
experiments indicated that the sealed lamp used in the selenium and tellurium 
atomic emission lamps gave a much cleaner spectrum. 
The atomic emission lines obtained from the sulphur lamp can be seen in 
figure 49and the transitions are listed in table 17. Table 1 7 also lists the 
best conditions for any particular transition. 
The conclusions reached after much experimentation were; 
200Nm of argon produced good emission lines with a low background 
due to OH bands. All the atomic emission lines were fairly strong. 
For enhanced 1 D2 emission 4.00Nm 2 of argon was preferred. 
For enhanced I  S emission 200Nm 2 of helium was better. 
Li.. The other inert gases gave the following results; 
Neon gave very good. S 0 emission - better than with helium. 
Krypton was very good for ID2 emission - better than the, argon. 
Xenon gave weaker lines - the 3P lines were still strong but the 




Atomic Emission Lines observed in a sulphur atomic emission lamp. 
Transition X/nm. Optimum conditions. 
--*3P 3 )+s 5S 0 — 3p 	3P1  191 - 1+9 200Nm 2 argon 
... 3pS 5S--p 	3P2 190.03  
..• -S —+3p 	3P0 182.63 
•.. 3S —3p 182.0)+    
• 	
" ••• 3S-43p 	3P2 180.73 
" •.• 1P1—*3p 4  1 S 0 178.23 200Nrif 2 neon or helium 
• 	•..3p5 1 P1 —+3p 4 1 S 0 168.75 
•0• 3p34.s 1 D2 —+3p 	1D2 166.67 
( 
2oc)Nm7 krypton 	or 
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Figure 49. The atomic emission spectrum of a sulphur lamp. 
t 2 Conditions of operation. He = 200Nn; Incident power = 75 watts. 
LEM 
SELENIUM 
The atomic emission lamp consisted of a piece of quartz tubing 
(Vitreosil grade) used as a body with an optically flat spectrosil 
window fused onto the end. Pure selenium was introduced into the lamp 
along with various pressures of helium or argon as. the carrier gas. The 
best results were obtained using 2 kNif 2 of argon. This is a much higher 
pressure than that used in the sulphur and tellurium lamps. The exact 
procedure is described in section 2.7. 
Initially, difficulty was experienced in getting sufficient 
selenium into the discharge to give a reasonable spectrum. At first the 
lamps were heated externally but later they were simply allowed to heat 
up inside a pyrex jacket which prevented excessive cooling of the lamp. 
The lamp was a neat fit inside this piece of tubing and the tube itself 
was a perfect fit inside the microwave cavity. 
It was found necessary to keep the lamps short (..-'50mm) in order 
to completely fill the lamp with the discharge and to keep the whole 
lamp hot; otherwise the selenium distilled out into the cooler regions 
of the lamp. In this respect the selenium lamp was the most difficult 
to operate in a table condition. 
The output from the lamps depended on the temperature at which 
they were allowed to stabilize. The colour of.the discharge varied 
according to the temperature. A green discharge was observed at low 
power input ( low temperature) whereas a white or blue discharge 
indicated a higher temperature. The spectra under these conditions 
show that in the lower temperature green discharge a ground state 
emission line is prominent and in the higher temperature 
discharge 4( 3P1 ) , ( po) ,( 1 D2) and ( 1 s0) are more prominent. 
Examination of the spectral lines with a resolution of —0.017m 
showed no traces of line reversal. In figure 50 a typical selenium 
atomic emission spectrum is showm and in table 18 a list of the observed 
transitions is given. 
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TABLE I 8. 
Atomic Emission Lines observed in a selenium atomic emission lamp. 
Transition 







high temp. discharge. 
20 
4p35s 3S°-1 p4 1 D 241.4-2 2 50 
4p 35s 5s-14.p 	3P1 







4.p35s 3S-4.p4. 	P0 206,34. 30 60 
4-P 
35s 3s-4.p4. 3P1 201.05 50 100 
4. 35 S-4-p4. 196.09 60 100 
... 
 
4p35s 3D1 -4.p4. 1 D2 191.92 2 10 
4.p35s 	D2-)4.p4. 1 D2 191.38 2 10 
4p35s 3D3 -4.p4. 1 D2 189.86 2 10 
... )i-p35s 5D-i.p4. 1 D2 185.8 15 25 


















































The atomic emission lamp was identical to that used for selenium. 
The optimum noble gas pressure was found to be 150.± - 30 Nm 2 of argon. 
With incident microwave powers of 50-100 watts the discharge was an 
intense blue white colour and filled the entire envelope of the lamp. 
The highest atomic emission was observed when the temperature of the 
lamp was allowed to rise, in a similar manner to that d.escrbed for the 
selenium lamp. 
- A typical atomic emission specrum obtained from this lamp is 
shown in figure 51. Many lines were observed, especially towards the 
low wavelength cut-off of the lamp window (160 - 200nm). Towards this 
region there were also a considerable number or molecular bands. 
This made identification and use of the lower wavelength transitions 
somewhat difficult, however these transitions were weak and never used. 
A list of the stronger transitions is found in table 18. 
Some emission lines were observed for which no upper states have been 
given in reference 105.Some emission lines were observed which only 
approximately matched the transition calculated from the tables of 
energy levels in referenàe 96. 
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TABLE 19. 
Atomic Emission Lines observed in a telluriuin.atonric emission lamp. 
Transition nm, Relative() intensities, 
...5p3 6s 3S-5p' 1 D2 277.05 30 
•..5p36s 5S-5p 	3P1 253.15 100 
00.5p36s 3S - 5p 	3P1 238.65 90 
00 ,5p36s 3S - 5p 	3P0 238.40 70 
09.5p6p 
5 
 Pj 45P 	 1  D 2 226.6 30 b 
...5p36s 5s-5p 	3P2 225.97 100 
,,,5p36p 5P__5P 	D2 225.6 60 
...5p36p 3P1 —5p 	1 D 2 
221.65 2.5 
..,5p 36p 3P2- 5p4 ' D 220.98 40 




— 5p 	1 D 214.79 35 	
a 
00 .5p36s S - 5p4. 3P2 214.,35 35 
unidentified 208.2 25 
unidentified 207.2 25 
• . .5p3 6p 5P —5p 	3P 200.3 15 	b 
...p3 6p 5P-5 4. 3P 200.1 10 	
b 
...5p 3 6P 5P-5p4. 3P. 199.5 25 	b 






9..5p3 6p 3P5p4. 3P 195.5 
b 
a The upper states for these transitions are not given in ref. 
b These transitions only approximately match the transitions caculated 
from the tables of energy levels in ref. 96. No J - J transitions 






































OCS : 	cylinder grade (Matheson Co. Inc.) gas was thoroughly degassed 
by repeated trapping at 77K and pumping on the sample. 
OCSe: 
	
	prepared by passing carbon monoxide over heated selenium. A 
low yield of OCSe was produced and collected over a period of 
time. 	Carbon dioxide, the main impurity, was separated by 
fractional distillation through solid CO2 slush baths. 
H25e: 	prepared by the action of H20 on aluminium selenide and purified. 
by low temperature fractionation. H2Se was found to be 
relatively stable provided the vacuum system was kept clean. 
The H2Se was stored in the gaseous state in a dark bulb. 
H2Te: 	prepared by the action of H20 on aluminium telluride. The 
product was collected under vacuum and purified by trap to trap 
distillation. Traces of the impurities CS2 and H 2S were 
removed by pumping on the sample at 193 K. 
D2Te: 	prepared by the action of D20 on aluminium telluride and 
purified in a similar manner to H 2Te. The samples of H2Te and 
D2Te were trapped at liquid nitrogen temperatures when not in use. 
He(0): 	B.O.C. Ltd.) ordinary cylinder grade. 	Passed through liquid 
nitrogen traps to remove any water present. 
He(X): 	"grade X" (B.O.C. Ltd.) was used directly from a cylinder. 
Purity given as H -(99.9995%) 
Ne : 	"grade X" (B.O.C. Ltd.) was used directly from a glass break- 
seal container. Purity given as Ne(99.95%). 
Ar : 	"research grade" (Matheson Co. Inc.) gas was used directly. 
Kr : ) "grade X" (B.O.C. Ltd.) were used directly from glass break- 
) 











cylinder grade (B.O.C. Ltd.) hydrogen was purified by 
passage through a palladium thimble. 
Matheson Co. Inc., C.P. Grade (99.5%) was also passed 
through a heated palladium thimble. 
"research grade" (Matheson Co. Inc.) gases were used directly 
Purity given as CH4(99.99%); C2 H6(99.9%); C2 H4(99,9%). 
B.O.C. Ltd. cylinder grade acetylene was purified by 
passage through traps at 195 K, degassed by repeated trapping 
at 77 K, and fractionally distilled from 77 K. 
"research grade" (Matheson Co. Inc.) used directly. Purity 
given as CO(99.9%). 
"grade X" (B.O.C. Ltd.) used directly from a break-seal 
container. Purity given as CO2  (99.995%). 
B.O.C. "white èpot" grade (99.9%), passed through traps at 
liquid nitrogen temperature (77K), 
cylinder grade (Matheson Co. Inc.) was trapped at 77K 
and then fractionally distilled from 90 K to a trap held 
at 77K. 
B.O.C. "medical". grade ( 	99%) was thoroughly degassed 
and used directly. 
02 	 "grade X" (B.O.C. Ltd.) was used directly from a glass 
break-seal container or B.O.C. cylinder grade was 
occasionally used after being passed through traps at 
77K. 
SF 6 	 cylinder grade (Matheson Co. Inc.) was thoroughly degassed 
by repeated trapping at 77Kand pumping on the sample. 
101. 
REFERENCES 
- 	1. H.Gg.Wagner and J. Wolfruzn, Angew. Chem. Internat. Edn., 1971, 10, 604, 
J.V.V. Kasper and C.C. Pimentel, Phys. Rev. Lett., 1965,  14, 352. 
2a. K.L. Kampa, Chem. ing. Tech., 1970, 42 , .573. 
Angew. Chem. Internat. Edn., 1970, •, 773 
B.A. Thrush, Science, 1967, 156, 3774. 
4.. R.C.W. Norrish and G. Porter, Nature, 1949, 164., 658. 
G. Porter, Israel J. Chem,, 1 969, 7, 1 79. 
H. S. Johnston, E.D. Morris and J. Van den Bogaerde, J. Amer. Chem. Soc., 
1 969, j, 7712 and references therein. 
E. Hunziler, I.B.M. J. Res.. Develop., January 1971, page 10. 
Vt. Braun and M. Lenzi, Disc.-Faraday Soc.., 1967, 44 0 252. 
W. Braun, D. D. Davies and A.M. Bass, mt. J. Chem. Kin etics,1970,2, 1 01 . 
7. G. Porter and M.A. West, "Investigation of Rates and Mechanisms of 
Reactions". 2nd Ed.art II, Editor G.G. Hammes,Wileylr.terscience, 19730 
8., R. J. Donovan and D. Husain. Chem. Rev., 1970, 70, 1439. 
R.J. Donovan and D. Husain, Ann. Rep. Chem. Soc. A. 1971, 68, 123,. 
R..J. Donovan, D. Husain andL.J. Kirsch, Ann.ReP.Chem.Soc.,1972,19.  
0. P. Strausz and B. E. Gunning, Adv. Photochein., 1966, 4, 1 4.3.. 
O.P. Strausz, "Organosuiphur Chemistry", Editor M.J. Janssen, 
Interscience , N.Y., 1967, page 11. 
O.P. Strausz, "Sulphur in Organic and Inorganic Chemistry", Editor 
A. Senning, Marcel Dekker Inc., N.Y., 1972, chapter 11. 
14.a. 0. Herzberg, "Atomic Spectra and Atomic Structure", Dover Publications 
N.Y., 1944. 
14b. C. Herzberg, "Spectra of Diatomic Molecules", Van Nostrand, N.Y. ,196)+. 
14.c.. C. Herzberg, "Electronic Speatra and Electronic Structure of 
Polyatornic Molecules", Van Nostrand, N.Y., 1966. 
POW 
R.C-.W. Norrish, Chemistry in Britain, 1965, .1 1 289. 
A.B. Caflear, EflcieavoUr,1967, 26, 97. 
A.A. Lamola "Creation and Detection of the Excited State" 
Dekker, N.Y., 1971, Volume 1, part B. 
G. Porter, "Photochemistry and Reaction Kinetics", "Technique of 
Organic Chemistry", Interscience,NY.,2nd..Edn. ,Vol. III, Pt. 2, 1963 
J.A.R. Samson, "Techniques Of Vacuum Ultra-Violet Spectroscopy", 
John Wiley & Sons Inc., N.Y., 1967. 
W. Braun and T.Carrington, J. Quant. Spectroscopy Radiative Transfer, 
1969, 9, 1133. 
VT.S. C-leason and R. Pertel, The Review of Scientific Instruments, 
1971,2+2, 1638. 
22g. R.J. Donovan, Trans. Faraday Soc., 1968, 65,  12+19. 
22b. R.J. Donovan, L.J. Kirsch and D. Husain,Trans. Faraday Soc., 1970,, 77 
R.J. Donovan and W.H. Breckenridge, Chem. Phys. Letters, 1971, 11, 520. 
W.H. Breckenridge and H. Taube, J. Chem. Phys., 1970, 52, 17 1 3. 
R.J. Donovan, L.J. Kirsch and D. Husain, Nature, 1969, 222 1 1165. 
K.E. Homann, G. Krome andH.G. Wagner, Ber. Bunsenges. Physik, Chem., 
1968, 72, 998. 
R.W. Fair and B.A. Thrush, Trans. Faraday Soc., 1969, L., 1557. 
R.W. Fair, A. van Roodselaar and O.P. Strausz, Canad. J. Chem., 
1971, 49, 1659. 
R.J. Donovan and D.J. Little, Chem. Phys. Letters, 1972,, 4.88. 
W. Braun and D.D. Davis, Appl. Opt., 1 968, 1, 2071. 
31 • R.J. Donovan, D. Husain, R.Tt. Fair, O.P. Strausz and H.E.Gunning, 
Trans. Faraday Soc., 1970, .Q, 1 635. 
32. D.J. Little, A. Daigleish and R.J. Donovan, Faraday Discuss. Chem. Socie 
1972, no. 5j , 211. 
D.D. Davis and R.B. Klemm, mt. J. Chem. Kinetics, 1972, 4., 367.. 
M.A.A. Clyne, C. J. Halstead and B. A. Thrush,Proc. Roy. Soc. A, 
1966, 2.2., 355. 
O . P. Strausz,J. Font, E.L. Dedio, P. Kebarie an&H.E. Gunning, 
J. Amer. Chem. Soc., 1967, 89, 1+805. 
0.P. Strausz, Vf.B. O'Caiiaghan, E.M. Lo= and ll.E. Gunning, 
J. Amer. Chem. Soc., 1971, 93, 559. 
D.D. Davis, R.B. Klemm, W. Braun and M. Pilling,. mt. J. Chem. 
Kinetics, 1972, 4 ., 383. 
K. Hoyerinann, H.Gg. Wagner and J. Wolfrum, Ber. Bunsenges. Physik. 
Chem., 1968, 72 2 1004 
H.Gg.. Wagner and J. Woifruni, Angew. Chem. mt. Ed., 1971, 10, 601~, 
and references therein. 
4-0. H.E. Avery and S.J. Heath, J.C.S. Faraday I, 1972,  68, 512 and 
references therein. 
41, I. Hailer and G . C. Pimentel, J. Amer. Chem. Soc., 1962, &3.0 2855. 
42. Y.S. Liu, R.A. M cFarlane: and G.J. Wolga, Chei.Phys. Letters. 972, 1 4,559 
4-3. W.H. Breckenridge and H. Taube, J. Chem. Phys., 1970, 	, 1750. 
44.. A.B. Cailear and I.W.B. Smith, Nature, 1967, 213,  382. 
I.W.B. Smith, Trans. Faraday Soc., 1968, 64-, 378. 
R.J. Donovan, D. Husain and L.J. Kirsch, Chem. Phys. Letters, 1970, 6,.4-8 
47.. D.J. Little andR.J. Donovan, J. Photochemistry, 1972/73,1, 371, 
4-8. E. Leppin cnc1K G.ollnick, J. Amer. Chem. Soc., 1970, 92 , 2217. 
W.D. McGrath, T. Morrow and D.N. Dempster, Chem. Coni., 1967, 596. 
L. Brown, Honours Research Project, Edinburgh University, 1973. 
R.P. Wayne, Adv.Photochem., 1969,1,  311. 
O.P. Strausz, R.J. Donovan and M. de Sorgo, Ber. Bunsenges. Physik. 
Chem., 1968, 72, 253. 
190 
53. R.J. Donovan, D. Husain and P.T. Jackson, Trans. Faraday Soc., 
1968 s  64-, 1798. 
54-. A.G. Gaydon, G-.H. Kimbell and I-LB. Palmer, Proc, Roy, Soc.,1964-, A279,31, 
G.L. Zarur and Yin--Nan Chiu, J. Chem. Phys., 1972, 	, 3278. 
G.A. Oldershaw and R.B. Larigford,J.C.S. Faraday I, 1973, 	, 1389. 
P. Fowles, M. de Sorgo, A.J. Yarwood, O.P. Strausz and H.E. Gunning, 
J. Amer. Chem. Soc., 1967, 89, 1352. 
R.F. Heidner III, D. Husain and J.R. Wiesenfeld, Chem. Phys. Letters, 
1972 s 16 s 530. 
R.F. Heidner III, D.. Husain and J.R. Wiesenfeld, J.C.S. Faraday II, 
1973, 69, 927. 
D.c.Dobson,H.E. Gunning, F.C. James and O.P. Strausz, Private commun. 
to R. J. Donovan. 
W.J.B. Tyerman, 7.B. O'Callaghan, P. Kebarle, O.P. Strausz and. 
H.E. Gunning, J. Amer. Chem. Soc., 1966,.L, 4-277. 
A.B. Callear and W.J.R. Tyerrnan, Trans. Faraday Soc., 1965, 61, 2395. 
A.B. Callear and T.J.R. Tyerrnan, Nature, 1964,. 2o2, 1326. 
A.B. Callear and W.J.R. Tyernian, Trans. Faraday Soc., 1965, 61, 2 95. 
A. B. Callear and 17.J.R. Tyerman, Trans. Faraday Soc., 1966, 62, 2313. 
A. B. Callear and W.J.R. Tyerman, Trans. Faraday Soo:., 1966, 	371 0 
A. B. Callear and ?I.J.R. Tyerman, Trans. Faraday Soc., 1966, 62, 2760. 
68, 	0 0 	 T F. 	 T 	 lZ -1 .'. a. &JC.e.c.sa. ass 	J. a. LISIXIOSSO, Li • .4S411 ¼fl#L4Lss4. , •  
D.. Husain and L.J. Kirsch, Trans. Faraday Soc., 1971, 	, 2886. 
B. Lindgren, J. Mo]. 0 Spectroscopy, 1968, 28, 536. 
M.J. Osborne, Ph.D. Thesis, University of Cambridge, 1962. 
J. Connor, G. Greig and O.P. Strausz, J. Amer. Chem. Soc.,1969,,5695. 
J.A. Connor, A. van Roodselaar, R.W. Fair and O.P. Strausz, 
J. Amer. Chem, Soc., 1971, 93p  560. 
R.J. Donovan, D.J. Little and J. Konstantatos, J. Photochem.,1972,1,86. 
191 
J. Noxon, J. Chem. Phys., 1970, 	, 1852. 
A.D. Walsh, J. Chem. Soc., 1953, 22 60 . 
77, R.J. Donovan and D.J. Little, To be published. 
R.J. Donovan, D.J. Little and J. Konstantatos, J. C.S. Faraday II, 
1972 ) 68 't 1812. 
R.J. Donovan, D.J. Little and R.J. Butcher, J. Photochem., 
In press. 
R. J. Donovan and D. Husain, Adv. Photochem., 1971, 
M. Stupavsky and L. Krause, Canad., J. Phys., 1969, 47,  124-9 and. 
references therein. 
R.J. Donovan, D. Husain and C.D. Stevenson, Trans. Faraday Soc:., 
1970,, 66, 2148. 
83 A.B. Callear and P.M. Wood, Trans. Faraday Soc., 1971, 67s  2862. 
M.J. Kurylo, N.C. Peterson and W. Braun, J. Chem. Phys.,1971,,94-3. 
D. Husain and J. Deacon, J.C.S. Faraday II, 1972, 68, 41. 
F. Stuhi and H. Niki, Chem. Phys. Letters, 1970, 7, 473. 
L.G. Piper, W.C. Richardson, Q.W. Taylcr and D./. Setser, Disc. 
Faraday Soc., 1972, 53, 100. 
Man-Him Hui and S.A. Rice, Chem. Phys. Letters, 1972,  17,  4-74. 
J.V1.C. Johns and D. A. Ramsay, Canad. J. Phys., 1961, 39, 210. 
90. - B. A. Morrow, Canad. J. Phys., 1966, 44, 2447. 
R.J. Donovan and D. Husain, Trans. Faraday Soc., 1966,  62, 11. 
R.J. Donovan and P. Strachan, Trans. Faraday Soc., 1971, 67, 34-07. 
W.C. Price, J.P. Teegan and A.D. Walsh, Proc. Roy. Soc.,1950,A201,,  600. 
R.F. Barrow, W.G. Burton and J.H. Calloman, Trans. Faraday Soc., 
1970, 66, 2685, 
H.E. Radford,, J. Chem. Phys., 1964, 14-0, 2732. 
192 
96 C.E. Modre,ed., Nat. Bur. Stand. Circ. 467, Atomic Energy Levels, 
Vol. 1-3 (U.S. Government Printing Office, Vashington D.C., 1958). 
97. E. Lindholm, Arkiv Fysik, 1968, 1+0, 97. 
98, R.J. Collins, D. Husain and R.J. Donovan, J.C.S. Faraday II,1973,,1 2+5. 
H.J. Bauer, H.0. Kneser and E. Sittig, J. Chem. Phys., 1959, 30, 1119. 
LW.B. Pearse and A.G. Gaydon, " The Identification of Molecular 
Structure", Chapman Hall Ltd., London, 1 965 
R.J. Donovan and D. Husain, Trans. Faraday Soc., 1966, 62, 1050. 
P. Cadman and J.C. Polyariyi, J. Phys. Chein., 1968, 72, 3715. 
C.R. Claydon, G.A. Segal andli.S. Taylor, J. Chem. Phys., 1971, 5L 1, 3799. 
R.J. Donovan, R.H. Strain and R.H. Butcher, J.C.S. Faraday II, 
In press. 
C.H. Corliss and. W.R. Bozrnann, Experimental Transition Probabilities 
for Spectral Lines of Seventy Elements, Nat. Bur. Stand. 
Monograph 53, ( U.S. Government Printing Office, Washington D.C. ,1962). 
